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Preface 
This series of Annual Biochemical Engineering Symposia was started in 1971 by Professors 
Larry E. Erickson of Kansas State University and Peter J. Reilly, then of the University of 
Nebraska-Lincoln. It is designed for graduate students and occasionally postdoctoral fellows and 
undergraduates to present the results of their research and directions of their future work to 
audiences not so familiar as those at their home institutions but not so seemingly intimidating as 
those at national professional meetings. It also serves as a vehicle for those engaged in similar 
lines of research to become acquainted with each other and with each others' work. To that end, 
discussions both during the meeting and at social events are encouraged. To improve students' 
skills in writing articles, in general those that follow were first drafted by the students who 
presented the work reported in them. 
The 32 symposia have rotated among the University of Colorado, Boulder; Colorado State 
University; Iowa State University; Kansas State University; the University ofMissouri, 
Columbia; the University ofNebraska-Lincoln; and the University of Oklahoma. This 32nd 
Annual Biochemical Engineering Symposium took place at Iowa State University, Ames, Iowa, 
on October 5, 2003. Those attending were the following: 
Iowa State University: Professors Charles E. Glatz, Surya Malapragada, Balaji Narasimhan, and 
Peter J. Reilly; Visiting Professor Ufuk Giindiiz; students Christopher Aikens, Amy Sywassink 
Determan, Y andi Dharmadi, Omar Gonzalez Rivera, Kevin Graves, Zhengrong Gu, Anthony 
Hill, Vidya Iyer, Alain Laederach, Todd Menkhaus, Chandrika Mulakala, Jennifer Behr Reck-
nor, Ganesh Sriram, and Murali Subramanian 
Kansas State University: Professors Larry E. Erickson, Stevin H. Gehrke, and Peter Pfromm; 
students Amit Apte, Sigifredo Castro, Sasivimon Chittrakom, Sharon Hagen, David Hart, and 
Sameer Khaitan 
University of Nebraska-Lincoln: Professors Michael M. Meagher and Anu Subramanian; 
student Sabyasachi Sarkar 
South Dakota School of Mines and Technology: Professor Patrick C. Gilcrease, students Jason 
M. Herr, Keith Flanegan, Jacklyne J. Lippert, Johnna K. Roth, and Sowmya Talari 
Utsunomiya University (Japan): ProfessorNorhiro Kato and Yukiko Kato 
Ten papers were delivered orally and eight posters were exhibited during the symposium. All 
ten oral presentations are represented here by articles, as are three of the posters. 
Peter J. Reilly 
Department of Chemical Engineering 
Iowa State University 
Anes, IA 50011-2230 
Phone: +1-515-294-5968 
E-mail: reilly@iastate.edu 
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Mechanical performance of biomimetic hydrogels 
Introduction 
Sharon A. Hagan and Stevin H. Gehrke 
Department of Chemical Engineering 
Kansas State University, Manhattan, KS 66506 
Hydrogels are water-swellable crosslinked polymer networks that can absorb greater than 
20% of their volume in water. They have permanent three-dimensional structures that can be 
formed by either covalent or physical crosslinks. This paper discusses hydrogels that utilize 
both types of crosslinks. The materials used to make hydrogels can be synthetic polymers, 
biological polymers such as proteins or polysaccharides, or semi-synthetic materials such as 
synthetically modified biological polymers. There are several current uses for hydrogels in 
medicine, with the most well known in the manufacturing of soft contact lenses. They can 
also be used in drug delivery devices, catheter coatings, and tissue engineering matrices. 1 As 
an example, catheters are coated with hydrogels to provide lubrication during a balloon 
angioplasty procedure.2 
Protein polymers provide many advantages over synthetic polymers. The ability to design 
the polymer's amino acid sequence offers precise control of its properties and the potential to 
mimic natural protein structure and function. They also have the potential for high biocom-
patibility because they mimic naturally occurring proteins. 3 The most attractive of these ad-
vantages is the ability to have precise control over the properties of the polymer. Many dif-
ferent types of functionalities can be designed into the polymer such as hard segments, soft 
segments, crosslinkable units, chemically reactive sites, biodegradation sites, enzyme/protein 
sites, adhesive sites, cell binding sites, or optically transparent units.4 The design sequence 
can then be genetically engineered into a microorganism and cultured to produce precision 
polymers. 4 The most important of these to this research is the crosslinkable unit, where the 
reactivity of the lysine side chain is exploited during the chemical crosslinking reaction. 
Many structural properties of proteins can be traced back to their primary amino acid seq-
uence. The two most common structures in the current literature are derived from the repeat 
sequences of natural silk and elastin. Silk's consensus repeat sequence, glycine-alanine-gly-
cine-alanine-glycine-serine (GAGAGS), has high strength and stability attributed to the for-
mation of hydrogen-bonded 13-sheets. 4 Valine-proline-glycine-valine-glycine (VPGVG), the 
consensus repeat sequence of natural elastin, is the base sequence for some of the synthetic 
proteins used in this research. This sequence is known for its elastomeric properties and high 
recovery and is thought to have a helical secondary structure formed from repeated 13-turns. 3 
Poly( a-L-lysine) 
The hypothesis for the first part of this research is that the secondary structure of bio-
mimetic proteins affects the mechanical properties of the crosslinked hydrogel. The mech-
anical properties ofhydrogels are important for many reasons. For example, a doctor may 
want to implant living cells into the body, but in order to protect the cells from the immune 
system and for easier handling, they can be encased in a hydrogel matrix. This matrix must 
provide enough space for the cells to grow and develop into new tissue. The mechanical 
properties of this hydrogel matrix are also important because the adhesion and gene express-
ion of cells is closely linked to the mechanical properties of the surrounding matrix. 5 Poly( a-
L-lysine ), hereafter simply polylysine, is an appropriate model protein because of its easily 
manipulated secondary structure. The polymer in free solution interchanges among a-helix, 
B-sheet, and random coil configurations with changes in pH and/or temperature. 6 Solutions of 
20 wt% polylysine (MW 72 kDa) in water were crosslinked with N,N-methylene-bis-acryl-
amide at a ratio of I 0 lysine residues per crosslink molecule through a Michael-type base-
catalyzed addition reaction at room temperature. The solutions were crosslinked in a mold to 
produce small disks of approximately 6 mm in diameter and 1. 7 mm thick. After leaching the 
gels in water for three days to remove unreacted species, the gels were swollen in the approp-
riate solution for at least 24 h before testing. 
One goal of this research is to directly confirm that the secondary structure changes of 
polylysine still exist after the polymer chains are crosslinked. Circular dichroism is the most 
common method used to characterize the secondary structures of proteins. 
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Figure 1: Circular dichroism spectra of polylysine in solution show a conversion 
between random coil and a-helix conformations with a change in pH. The hydrogel 
spectrum is similar to that of a B-sheet spectrum, but with a shifted peak. 
The two thinner lines in Figure 1 demonstrate that dilute solutions ofpolylysine exhibit 
the characteristic spectrum of a random coil at low pH and an a-helix at high pH. The thick-
est line is from a hydrogel sample at high pH. The shape of the curve is similar to a B-sheet 
curve, but the location of the valley is not correct (B-sheet valleys should be around 224 nm). 
Although the spectra of poly lysine films are interesting and reproducible, firm conclusions 
cannot be determined thus far. Another possible approach is collecting FTIR spectra on the 
hydrogels to compare with the spectra by Carrier et al. on solutions ofpolylysine.7 
When the solution pH is increased, polylysine hydro gels shrink due to a reduction of 
ionic swelling pressure as the lysine side chains become deprotonated and their counter ions 
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are released (Figure 2). The transition occurs at pH 10.4, corresponding to the pK of the 
lysine side chain, and the transition is reversible when the pH of the solution is decreased 
below this value. Lysine side-chain deprotonization also triggers the polymer to change con-
formation from random coil to a-helix in the free polymer (Figure 1). Using uniaxial com-
pression measurements, the shear modulus of the gels was calculated for each point on the 
swelling curve. The log of the shear modulus was then plotted against the log of the polymer 
volume fraction (Figure 3). Theory states that for flexible networks, the shear modulus scales 
to the polymer volume fraction to the 113 powers (G--cp113), and at low pHs, polylysine hydro-
gels behave as flexible networks. Theory also states that for rigid networks with flexible 
crosslinks, the shear modulus scales to the polymer volume fraction to the 3/2 powers 
(G--cp312), and at high pH, polylysine hydrogels behave as rigid networks with flexible cross-
links. To demonstrate that the modulus increase at high polymer concentrations was not due 
to the size change in the hydrogel, the modulus was measured on samples that were partially 
dehydrated. As can be see in Figure 3, the modulus exhibits a twofold increase for the same 
polymer volume fraction. Therefore, the modulus change in the hydrogel can be attributed to 
the secondary structure transition of poly lysine from a random coil to a-helix conformation. 1 
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Figure 2: Swelling curve ofpolylysine 
hydrogel shows a reversible transition 
near pH I_p.4 at 23°C.1 
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Figure 3: Shear modulus measurements of 
poly lysine hydrogel at 23 oc indicate that 
modulus change with pH coincides with sec-
ondary structure change of the free polymer.1 
To further test the hypothesis, similar tests were used to study another secondary struc-
ture transition of polylysine. In high pH solutions, polylysine undergoes an a-helix to ~-sheet 
transition with temperature. This transition is dependent on polymer concentration and sol-
vent type.6 The polylysine hydrogel shows temperature-dependent swelling (Figure 4); how-
ever, this transition is irreversible upon cooling. In Figure 4, there is approximately 24 h 
between each data point, except for the final two points on the decreasing temperature curve 
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(indicated by triangles), which are three days apart. This figure demonstrates the irreversibil-
ity of the temperature transition within the experimental time scale. Davidson and Fasman 
also confirmed this irreversibility in their work with dilute poly lysine solutions. 6 A dynamic 
temperature scan of a polylysine hydrogel (Figure 5) indicates that this transition occurs at 
53°C for the test conditions (1 Hz, llT = 1 oC/min, 0. 75% dynamic strain). The transition is 
indicated by a sharp increase in the dynamic storage modulus of the hydrogel. 
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gels exhibit an irreversible transition, 
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Figure 5: At high pH, the storage mod-
ulus of a poly lysine hydrogel increases 
sharply with temperature. 
In summary, the modulus of polylysine hydrogels is significantly altered under the same 
conditions where the polymer chains undergo secondary structure changes. The shear modul-
us of the hydro gels increases almost twofold when the polymer chains transition from a ran-
dom coil to a-helix conformation, and the dynamic storage modulus shows a sharp increase 
when the polymer chains transition from an a-helix to (3-sheet conformation. The swelling 
curves reveal that the random coil to a-helix transition with pH is reversible, and that the a-
helix to (3-sheet transition with temperature at high pH is not reversible within the experi-
mental time scale. 
Elastin-mimetic triblock copolymer 
The second part of this research focuses on a physically gelling elastin-mimetic triblock 
copolymer. This materials class is interesting because it can be gelled near physiological con-
ditions without any additional and potentially harmful chemicals, and thus it may provide an 
alternative to traditional chemically crosslinked systems for cell or drug encapsulation. The 
4 
elastin-mimetic triblock copolymer (C5) is an BAB block copolymer, where the end blocks 
(B) are hydrophobic and the center block (A) is hydrophilic.9 The peptide sequence for both 
blocks are modeled after the elastin repeat sequence VPGVG, but alanine and isoleucine 
have been substituted into the end blocks to make it more hydrophobic, and glutamic acid has 
been substituted to make the center block more hydrophilic. The complete sequence becomes 
VPAVG[(IPAVG)4(VPAVG)]t61PAVG--VPGVG[(VPGVG)2VPGEG(VPGVG)2h2VPGVG-
-VPAVG[(IPAVG)4(VPAVG)]t61PAVG. 
This polymer has a theoretical molecular mass of 139.7 kDa and a sol-gel transition at 23°C 
in concentrated solutions(> 10%).9 The gel is believed to form through an association of the 
endblocks, but the nature of this interaction has not been fully investigated. The C5 gels are 
molded into disks the same size as the polylysine gels. They are capable of swelling up to 
50x their dry mass in water and to remain stable for at least three weeks (Figure 6). When the 
initial polymer concentration is doubled, the swelling degree of the gels is halved due to the 
increase in the number of associations between chains, hence increasing crosslink density. 
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Figure 6: The swelling of C5 hydrogels is stable for up to three weeks in 25°C water. 
Another attractive property of this polymer is that the gel is temperature-sensitive in add-
ition to being thermally gelling. Upon an increase of temperature from 25°C to 50°C, the gel 
shrinks to one-halfofits initial mass (Figure 7). The swelling ofthe C5 hydrogel is also 
reversible and reproducible with temperature swings between 25°C and 50°C. These swelling 
curves fit to Fick's law for diffusion (data not shown), but the apparent diffusion coefficients 
are an order of magnitude faster than that of conventional gels such as poly(N-isopropyl-
acrylamide).10 The magnitude ofthe apparent diffusion coefficient suggests that the C5 
hydrogels could be heterogeneous and/or have pore sizes on the order of Jlm.10 
In summary, C5 hydrogels are both thermally gelling and thermally responsive. C5 hy-
drogels are stable and have reproducible kinetics similar to chemically crosslinked thermally-
responsive hydrogels, such as poly(N-isopropylacrylamide). 
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Figure 7: C5 hydrogels shrink to half their original size when heated from 25°C to 
50°C. The gel precursor solution was 10 wt% polymer in water. 
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Encapsulation, stabilization, and release of proteins from biodegradable 
polyanhydrides 
Amy S. Determan\ Matt Kipper1, Hajime Takano2, Marc Porte?, and Balaji Narasimhan1 
Departments of Chemical Engineering1 and Chemistr/ 
Iowa State University, Ames, lA 50011 
Abstract 
The most common way of delivering protein drugs is by parenteral administration. This 
method is not ideal because proteins have a short half-life, requiring patients to take daily 
injections in order to maintain effective drug levels in their body. The goal of this research is 
to prepare and characterize protein-loaded polyanhydride microspheres. These are of interest 
because polyanhydrides are surface-eroding, biodegradable, and capable of providing a pro-
longed release of the protein drugs. The microspheres studied were homopolymers and 
copolymers of the two polyanhydrides poly(1,6-bis-p-carboxyphenoxy)hexane and poly(seb-
acic acid) containing bovine serum albumin labeled with FITC. The microspheres were made 
using a double-emulsion technique of water-oil-water. The microspheres were characterized 
using scanning electron microscopy, UV spectrophotometry, differential scanning calorimet-
ry, gel permeation chromatography, and NMR. The microspheres were spherical in shape 
with smooth exteriors. The interactions between the protein and the homopolymers were 
studied with atomic force microscopy. 
Introduction 
Proteins are biological polymers that play a vast role in maintaining life. The function of 
proteins is not only determined by their primary sequence of amino acids, but also by their 
secondary, tertiary, and quaternary structures [1]. The biological activity of a protein can be 
lost if the higher-order structure is altered. The higher-order structures of proteins are most 
often disturbed by protein aggregation, deamidation, and oxidation [2]. Protein aggregation 
and deamidation can both occur in an aqueous environment, thus shortening the half-life of 
recombinant proteins in the body. It is necessary to find a way to stabilize proteins from these 
degradation mechanisms to capitalize on their therapeutic values. 
Encapsulation of proteins in polyanhydride microspheres is of great interest to the phar-
maceutical industry because polyanhydrides are surface-eroding, biodegradable polymers 
that stabilize and provide a sustained release of proteins [3]. In this work the polyanhydrides 
polysebacic acid (polySA), poly 1,6-bis(p-carboxyphenoxy)hexane (polyCPH), and the co-
polymer 50:50 CPH:SA were used to encapsulate fluorescently labeled bovine serum albu-
min (BSA-FITC) in microspheres made by a double-emulsion technique. These polymers 
were selected because of their different degradation rates, polyCPH taking over a year to de-
grade, while polySA takes only a few weeks [4], and because of their ability to microphase-
separate and form microdomains when copolymerized [5]. The structures of these polymers 
are shown in Figure 1. 
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Figure 1: Structure of repeated units of polymers. (a) polyCPH (b) polySA. 
The primary goal of this research was to develop a technique that encapsulates BSA-
FITC at high efficiencies in homopolymers of polySA, polyCPH, and the copolymer 50:50 
CPH:SA, and to study the release profiles of the protein from the microspheres. In this study 
we were able to encapsulate 60-80% of the initial amount ofBSA-FITC into microspheres of 
polySA and polyCPH. Although a burst effect was present, we were able to show that the re-
lease rate of the protein from the microspheres was dictated by the polymer composition. 
The secondary goal of this study was to determine the affinity ofBSA for the polyanhy-
drides. It is hypothesized that ifBSA has a higher affmity for one moiety over the other it 
will partition into that phase if encapsulated into a copolymer. The partitioning of the protein 
will aid in the stabilization and enable desired release profile of the protein. To study the af-
finity ofBSA-FITC, atomic force microscopy was used to determine the force of adhesion 
between BSA-FITC and polySA, polyCPH, and the copolymer 50:50 CPH:SA. We were able 
to show that the more hydrophobic the polymer, the greater the force of adhesion between the 
polymer and the protein. 
Experimental 
Materials 
Sebacic acid (99%),p-carboxybenzoic acid (99+%), and anhydrous 1-methyl-2-pyrrolid-
inone (99+%) were purchased from Aldrich (Milwaukee, WI). 1,6-Dibromohexane (98+%) 
and poly(vinyl alcohol) (99+%) (PYA) were purchased from Acros (Fairlawn, NJ). Fluores-
cein isothiocyanate bovine serum albumin was purchased from Sigma (St. Louis, MO). Bor-
ate buffer for atomic force microscopy experiments was purchased from Pierce (Rockford, 
IL). Loctite™ long-drying epoxy was purchased from the local hardware store. Petroleum 
ether (hexane, 55% n-hexane) was purchased from Fisher (Pittsburgh, PA) and dried and 
distilled over sodium and benzophenone (Fisher) before use. All other chemicals were of 
analytical grade and were purchased from Fisher. 
Polymer synthesis 
The polymers were synthesized by a method described by Kipper et al. [6]. Briefly, CPH 
diacid was synthesized by a method similar to that described by Conix [7] for 1,3-bis{p-car-
boxyphenoxy)propane. SA and CPH prepolymers were acetylated from diacids as described 
by Shen et al. [8]. The diacid was allowed to reflux with acetic anhydride for 30 min (SA) or 
60 min (CPH) under a stream of dry nitrogen. The diacid was then filtered while warm to 
remove any unreacted diacid. In the case of SA the filtrate was dried under vacuum to isolate 
the SA prepolymer. The prepolymer was purified by dissolving the crystals in chloroform 
and precipitating the crystals with a 1:1 ratio of ethyl ether and anhydrous petroleum ether. 
8 
The crystals were collected by filtration and dried overnight under vacuum. In the case of 
CPH the filtrate was dried under vacuum until approximately 150 ml of the filtrate remained. 
The filtrate was then refrigerated overnight to allow precipitation of the prepolymer. The 
crystals were obtained by filtration and washed with ethyl ether. The crystals were purified 
by dissolving in chloroform and filtering. Solid crystals were obtained by drying the crystals 
under vacuum. To further purify the crystals, the dry crystals were suspended in 1 1 of dry 
acetone and stirred for 2 h. The prepolymer was collected by filtration and the step was 
repeated. The prepolymer was dried overnight at 50°C. The crystals were then recrystallized 
by dissolving in anhydrous 1-methyl-2-pyrrolidinone at 11 0°C and stirring for 2 h. Impurities 
were removed by filtration and the filtrate was allowed to precipitate in the freezer overnight. 
This process was repeated three times. The crystals were collected by filtration and dried 
under vacuum overnight. 
Homopolymers and 50:50 CPH:SA were synthesized by melt condensation of the pre-
polymers at 180°C under vacuum ( <0.5 mm Hg) for 90 min [9]. Approximately 2 ml of 
acetic anhydride was added to the 4 g of the prepolymer to ensure complete acetylation. The 
polymers were desiccated under dry argon to prevent degradation. 
Microsphere fabrication 
A double-emulsion technique was employed to encapsulate BSA-FITC in microspheres 
ofpolySA, polyCPH, and a 50:50 copolymer. The technique was similar to that used by 
Tabata and Langer [10]. In brief, BSA-FITC (5 mg) dissolved in deionized water (200 !J.l) 
was added to polymer (200 mg) dissolved in methylene chloride (2 ml). The two phases were 
emulsified with a homogenizer (Tissue-Tearer™, Biospec Products, Bartlesville, OK) at 
10,000 rpm for 30 s, forming the inner emulsion. PV A (1 %, 4 ml) saturated with methylene 
chloride (80 !J.l) was immediately added to the inner emulsion and homogenized for 30 s at 
10,000 rpm to form the double emulsion. The microspheres were then dispersed in 1% PV A 
(200 ml) and stirred for 2 hat 300 rpm using an overhead stirrer with a 3-in impeller (Wiar-
ton, Ontario). The microspheres were collected by centrifugation for 10 min at 1490 g using 
an Eppendorf 5403 centrifuge (Westbury, NY). The supernatant was decanted off andre-
placed with deionized water to wash the spheres. This was repeated three times to ensure all 
the free protein and PV A had been removed. The spheres were then suspended in 20 ml of 
deionized water and flash frozen with dry ice and acetone. The microspheres were dried 
under vacuum overnight. 
Microsphere characterization 
The mass of microspheres recovered divided by the initial mass of polymer was used to 
calculate the yield. The size distribution of the microspheres was obtained on a Malvern 
Master-Sizer particle size analyzer (Southborough, MA) (Figure 2). Scanning electron mic-
roscopy (SEM) (Hitachi S-2460N) was used to study the morphology (Figure 3). The molec-
ular weight loss during the fabrication process was determined using GPC. The molecular 
weight of blank microspheres was compared to the weight of polymer used. An extraction 
technique was used to determine the amount of protein encapsulated in the microspheres. The 
microspheres (1 mg) were dissolved in methylene chloride (1 ml) and vortexed. Borate 
buffer, pH 9.0 (200 !J.l), and 1,1,1,3,3,3-hexafluoroisopropanol (100 !J.l) were added to the 
polymer/protein/methylene chloride mixture. The methylene chloride was decanted off. The 
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borate buffer solution was heated at 50°C for 10 min and sonicated to dissolve the protein. 
The sample was further diluted with borate buffer and the amount of protein was determined 
by the samples' absorbance at 494 run with UV spectroscopy (Shimadzu 1601 UV-Visible 
spectrophotometer, Columbia, MD) (Table 1). 
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Figure 2: Particle size distribution in terms of surface area fraction of polymer microspheres. 
(a) polySA (b) 50:50 CPH:SA (c) polyCPH. 
Polymer MwiMNof MwiMNof MNloss Protein Loading 
neat microspheres (%) Loaded Efficiency 
polymer (%) (%) 
PolySA 43800/1300 42900/5800 53 2.2 82 
50:50 CPH:SA 15700/5100 10700/3900 22 - -
PolyCPH 12000/4800 12000/4700 2 1.8 60 
Table 1: Characteristics of polymer microspheres. 
Release studies 
Microspheres (15-20 mg) were suspended in 0.1 M phosphate buffer (pH 7.4) (1 ml). 
The suspension was incubated at 37°C with gentle agitation (100 rpm). Microspheres were 
centrifuged and the supemant was collected (0.75 ml). Fresh buffer was added to the samples 
to maintain perfect sink conditions. The collected sample was diluted with fresh buffer to in-
crease the volume for analysis with UV spectroscopy at 494 run. The concentration ofBSA-
FITC in the sample was determined using a calibration curve for the protein. 
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Figure 3: Scanning electron micrographs ofBSA-loaded microspheres. (a) polySA; (b) 
polySA; (c) polyCPH; (d) polyCPH. 
Protein/polymer interactions 
The affinity ofBSA-FITC for each of the polymers was studied using atomic force mic-
roscopy (multi probes). A single microsphere was attached to a contact mode AFM cantilever 
with epoxy. Sharp tungstem STM wires were used to select individual spheres. The spheres 
were then tabbed in epoxy and placed on the cantilever. The average diameter of micro-
spheres attached to the cantilevers is shown in Table 2. The epoxy on the cantilevers was 
allowed to dry for 36 h before experiments were conducted with the tips. The average diam-
eter of the microspheres was determined by SEM (Table 2). 
A monolayer ofBSA-FITC was deposited on a glass slide [11]. The adhesion of the poly-
mer microspheres attached to the cantilevers and the monolayer ofBSA was quantified using 
atomic force microscopy. The results are shown in Table 2. The monolayer ofBSA-FITC 
was prepared by first cleaning the glass slide. Using an evaporator, a 2.2-nm layer of chrom-
ium followed by a 25-nm layer of gold was deposited on the slide. The slide was then soaked 
in a dithios-bis(succinimidyl propionate) solution for 12 h. The BSA-FITC dissolved in bor-
ate buffer (pH 9 .0) was placed on the slide and allowed to react with the DSP for 2 h. The 
slide was covered with a Petri dish to prevent the borate buffer from evaporating. The slide 
was positioned on the AFM as was the cantilever with the attached microsphere. The humid-
ity surrounding the AFM and cantilever was controlled by sweeping dry nitrogen continuous-
ly through the space while running the experiment. 
Figure 4: Scanning electron micrographs of polymer microspheres attached to atomic force 
microscopy cantilevers. (a) polySA; (b) 50:50 CPH:SA; (c) polyCPH. 
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Polymer Average adhesion force (nN) Average diameter (t-tm) 
PolyS A 29 18 
50:50 CPH:SA 65 16 
PolyCPH 92 18 
Table 2: Characteristics of polymer/protein affinity 
Results and Discussion 
Particle size distribution 
The double-emulsion fabrication process produces nonuniform microspheres. The part-
icle size distribution (in terms of surface area fraction) is shown in Figure 2 for polySA, 
polyCPH, and 50:50 CPH:SA. The distributions from each polymer are almost identical. The 
mean diameter of all the polymer microspheres was approximately 60-70 ~-tm with no 
spheres smaller than 5 ~-tm. 
Microsphere morphology 
The microspheres made from each polymer exhibited a unique morphology when exam-
ined with SEM (Figure 3). The surface of the polySA microspheres is rough and marked with 
apertures. PolySA is the fastest degrading polymer used in the study and exhibits the rough-
est surface, due to the degradation the polymer undergoes during the microsphere fabrication 
process. At the other extreme, polyCPH is the slowest degrading polymer used in the study. 
The surface morphology of these spheres is smooth. This can be attributed to the relatively 
small molecular weight loss that polyCPH undergoes during the microsphere fabrication 
process. The surface morphology of 50:50 CPH:SA microspheres is not shown; however, the 
surface of these spheres is smooth, with a few more crevices than polyCPH microspheres. 
Polymer degradation 
Throughout the microsphere fabrication process the polymers are exposed to water, caus-
ing degradation. PolySA, being the fastest degrading polymer, exhibits the highest molecular 
weight loss during the fabrication process (53%) (Table 1). PolyCPH has a higher hydro-
phobicity than polySA and degrades more slowly in the presence of water. During the micro-
sphere fabrication process, polyCPH microspheres showed negligible molecular weight loss, 
while 50:50 CPH:SA microspheres showed a molecular weight loss less than polySA and 
more that polyCPH (22%) (Table 1). 
Release studies 
The release profiles ofBSA-FITC from polySA and polyCPH microspheres are signif-
icantly different. The BSA-FITC shows a zero-order release profile over a two-week period 
when released from polySA microspheres (Figure 5). During a 12-day period approximately 
80% of the BSA-FITC was released. It was expected that if the experiment had been com-
pleted within another week, 100% of the BSA would have been released from the polySA 
microspheres. The release profile from the polyCPH microspheres shows 11% initial burst 
followed by a zero-order release for 50 days (Figure 5). After 50 days only 45% of the BSA 
is released from the polyCPH microspheres. This slower release rate is attributed to the 
slower degradation time of the polyCPH. The release profile of50:50 CPH:SA is not shown; 
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however, its release rate is governed by a small burst followed by a zero-order release, 
slower than that of polySA. 
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Figure 5: Mass fraction ofBSA released from polyCPH. 
Protein/polymer interactions 
BSA has a different affinity for each of the polymers. The force of adhesion increases as 
the polymer hydrophobicity increases. This trend (as shown in Table 2) is attributed to the 
increase in hydrophobic interactions that the protein undergoes with the polymer. 
Conclusions 
We have shown that BSA release from microspheres of polySA and polyCPH is a func-
tion of the erosion rate and the interactions between the polymer and the protein. Each poly-
mer studied showed a unique release profile. PolySA showed a zero-order release profile for 
a two-week period and polyCPH showed an initial burst followed by a zero-order release 
over a two-month period, when only 45% of the BSA initial loaded into the microspheres 
was released. We have also shown that as the hydrophobicity of the polymer increases the 
affinity ofBSA for that polymer increases due to hydrophobic interactions. 
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Predicting the Performance of Adsorbents based on EDTP A-Modified 
Zirconia Particles 
Sabyasachi Sarkar and Anuradha Subramanian 
Department of Chemical Engineering 
University ofN ebraska-Lincoln 
Lincoln, NE 68588-0489 
A matrix developed from EDTP A-modified zirconia beads (r_PEZ) 25-38 ~-tm in diam-
eter was used to separate immunoglobulins (Ig's). Mechanisms controlling the uptake oflg's 
by r_PEZ were studied by static protein uptake experiments and profile modeling with a 
kinetic rate constant model. lg binding to r_PEZ was more favorable than dissociation. 
Breakthrough profiles for human immunoglobulin G (HigG) uptake were modeled with a 
pore diffusion model. However, this model barely described profiles for a HlgG concen-
tration of 2 mg/ml, with a theoretical number of transfer units value of approximately 2. 
Pulse injection techniques provided insights to individual mass transfer parameters. HETP of 
elution profiles were correlated to salt concentration. Resulting data in conjunction with 
equations outlined in the literature were used to estimate mass transfer parameters. Results 
indicate that surface diffusion is absent and pore diffusion is the rate-limiting mechanism in 
the adsorption of HlgG to r_PEZ. 
1.0 INTRODUCTION 
Chromatographic processes are gaining increased importance in the biotechnology and 
pharmaceutical sectors [Il_ Economics, efficiency, and practicality are some of the constraints 
that dictate the search for novel chromatographic supports and methodologies that offer sup-
erior selectivity or overcome existing shortcomings. 
Zirconia-based supports having thennal and mechanical stability [2) have shown potential 
for use in chromatography. Previous studies have established the usefulness ofEDTP A-mod-
ified zirconia in the separation oflg's from complex mixtures [1•21· Prediction of mass trans-
port, biological activity behavior, and kinetic and thennodynamic parameters that impact 
protein retention and separation are essential to integrate chromatography-based unit operat-
ions into the purification scheme. Optimal design requires a balance among binding capacity, 
operational flow rates, and operational times. 
Mathematical models have been postulated to describe the transport of proteins and sol-
utes in porous beaded matrices, the most rigorous being the general mass transfer equation [JJ. 
Relevant transport equations are either analytically or numerically solved after suitable 
assumptions [?,Sl. Most studies make assumptions involving the limiting mass transfer kinet-
ics and mechanism [9) to model batch kinetic and breakthrough profiles. 
The present study employed the kinetic rate constant [JJ and the film and pore diffusion 
models £3·6•101 to describe protein uptake profiles in a finite medium and the breakthrough 
profiles. Attempts were made to approximate dynamic binding profiles but were not fully 
satisfactory due to inherent assumptions of models. To make valid assumptions to apply 
transport-model equations, a priori estimates of the rate coefficients and dimensionless mass 
transfer parameters are required; these are rarely readily available. However, pulse-injection 
techniques maybe used to solve transport equations [9-121 and obtain the required transport 
parameters describing the system. 
15 
Mass transfer mechanisms occurring during the adsorption of HigG to r_PEZ were in-
vestigated by pulse injection techniques. Equations relating the HETP of the system to salt 
concentration of the mobile phase were utilized to obtain the rate-limiting mass transfer 
mechanism in the adsorptive process. 
2.0 THEORY (PULSE INJECTION TECHNIQUES) 
The following expression was used to obtain the HETP of elution profiles based on their 
respective Gaussian curves [12•131: 
H _ L (tw,i/2) 
tot - 5 54 ---;:-
2 
(I) 
The general mass transfer equation has been solved in the Laplace domain, and the first 
and second moments were related to the system HETP using the following equations [IJ-141: 
2Da 2(l-E;)Epb0 2U [ R R2 (b0 -1)] 
H =L+ ti +(1-EJ~pboj 3k1 + 15Dp(1+{b0 -1})+ b0 2kdes (2) 
where E; is the intraparticle porosity, R is the radius of the matrix particle, Dp is the pore dif-
fusivity, kcies is the desorption rate constant, and rand bo are defined as 
Dp 
r = - and b0 = 1 + k' Ds 
(4) 
where Ds is the surface diffusion coefficient and lC is the mass distribution ratio. It is evident 
that for affinity and pseudo-affinity binding the mass distribution ratio is dependent on the 
salt concentration of the mobile phase. Under unretained conditions, bo is equal to 1, as no 
adsorption of solute to the matrix occurs and equation 3 simplifies to [!3] 
2Da 2(1- E; )E Pu [ R R2 l 
H = -u- + t + (1- E;} P j 3k 1 + 15D P (5) 
3.0 MATERIAL AND METHODS 
3.1 Reagents and Instruments 
All chemicals were of analytical grade or better. NaCl was purchased from Fisher (Han-
over Park, IL, USA). N,N,N,N-ethylenediamine tetramethylene phosphonic acid (EDTP A) 
was purchased from TCI America (Portland, OR, USA). HlgG was obtained from Sigma (St. 
Louis, MO, USA). Proteins were used without further purification. A Genesys ™ model 5 
UV-visible spectrophotometer from Spectronic Instruments (Rochester, NY, USA) was used 
to record the adsorption measurements. A bench-top microcentrifuge (Eppendorf Centrifuge 
5415C) was used to sediment the r_PEZ particles. EDTP A zirconia beads were prepared as 
described elsewhere [Il. 
3.2 Batch Studies 
To determine the equilibrium binding capacity ofr_PEZ for HlgG [11, tubes filled with a 
known volume of r_PEZ beads were loaded with a fixed volume ofHigG solution of 
increasing concentrations. Samples were allowed to equilibrate for 24 hand the resulting 
supernatant absorbance concentration measured at 280 nm. The amount of HlgG bound was 
determined via mass balance. Rate of adsorption of HigG to r_PEZ beads was determined at 
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different protein concentrations in batch experiments [1IJ. Briefly, a known volume ofr_PEZ 
was added to a tube. A known volume of an HigG stock solution was introduced into the 
tube and thereafter aliquots of fixed volume were drawn at 0, 0.5, 1, 5, 10, 20, 30, 45, 60, 
120, 240 and 1440 min. Stock concentration was drawn for the 0-min aliquot. Experiments 
were performed in duplicate and the corresponding protein bound to r_PEZ was determined 
by mass balance. HigG was measured by detecting the absorbance of the aliquots at 280 nm. 
Data was presented as normalized concentration, C/Co (aliquot/ supernatant concentration 
against feed concentration) versus time. 
3.3 Chromatography and Dynamic Studies 
The chromatographic system consisted of a ChromTech (Apple Valley, MN, USA) Iso-
2000 isocratic pump, an online Model 783 Spectroflow (Ramsey, NJ, USA) spectrophotom-
eter and an SRI {Torrance, CA, USA) PeakSimple Model203, single-channel serial port 
online data acquiring system. All buffer solutions were filtered with ChromTech's metal-free 
solvent (type A-427) 10 ~m UHMWPE (ultra-high molecular weight polyethylene) filter. 
Breakthrough profiles of HigG on an r_PEZ support system were investigated for feed 
concentrations of0.5, 2.0, 5.0 and 10.0 mg/ml for linear velocities of3.01, 6.02 and 12.04 
em/min. The effluent stream was measured at 280 nm [1•111• The HigG solution was allowed 
to saturate the column until effluent concentration reached 75-80% of the feed. Data were 
plotted as normalized concentration, C/C0 (outlet to fmal signal) by normalized time, TIT max· 
3.4 Porosity Determination 
Pulse injections of blue dextran were made to estimate the interstitial porosity under 
unretained conditions [17] and detected at 640 nm. Intraparticle porosity was determined by 
sodium nitrate pulses into the system and monitored at 310 nm. The porosity of the column is 
related to the first moment and linear velocity as 
f1-I=L~i+(1-Ei}pbo) (6) 
u 
where L the length of the column and bo is the parameter reflecting mass distribution ratio. 
Blue dextran was used to determine the interstitial porosity, assuming that it is excluded from 
the pores. 
3.5 Extra Column Contribution 
HETP contributions from the system itself (Bee) was determined by pulse injections of 
HigG made under unretained conditions for individual flow rates investigated with the col-
umn off-line by connecting the upstream and downstream tubing with a coupling unit. First 
and second moments of the resultant peaks were calculated as described elsewhere [141• 
3.6 Retained and Unretained HlgG HETP 
HigG was dissolved in loading buffer with varying salt concentrations of 0.04, 0.05, 
0.075, 0.1, 0.1025,0.15 and 1M (EB). Pulse injections were made at flow rates of0.13, 0.25, 
0.5, 1 and 2 ml/min. Bound samples were eluted using EB and the profiles were recorded. 
The HETP contribution by the column alone (H) was obtained after eliminating contribut-
ions due to extra column effects. 
A plot of H versus linear velocity under unretained conditions permits the calculation of 
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Dp and kfusing eq. 5; values of Ei and Ep were obtained from porosity studies. The intercept 
of the data plot was found by linear regression and subsequently kept constant under con-
strained optimization. Values of bo were determined analytically using eq. 6. The value of Dp 
and k1obtained from unretained HETP was assumed not to vary with concentration and were 
used to curve-fit the slope of eq. 5 for the retained peaks, after appropriate corrections were 
made for film mass transfer contributions [11'131, to obtain values of r and kdes· 
3. 7 Modeling and Simulation 
Kinetic rate constant model equations £41 were solved and the pore diffusion model was 
used to approximate the elution profiles using in MATLAB [171. For pulse injection tech-
niques, imported data were approximated by a Gaussian distribution with the baseline 
corrections on the basis of the first reading. The LSCURVEFIT optimization routine was 
used to obtain optimized parameters by the method of least squares minimization. 
4.0 RESULTS 
4.1 Ligand Binding Isotherms 
The maximum binding capacity (Qmax) and the dissociation (Kd) constant as determined 
from batch isotherm data as described £11 for HlgG were 55 and 0.7 mg/ml for r_PEZ beads. 
4.2 Kinetic Uptake of Immunoglobulins under Static Conditions 
Batch experimental results of HigG uptake by r_PEZ from feed solutions at various con-
centrations (Co) are shown in Figure 1. Maximal HlgG retention by r_PEZ was observed at 
24 h with 60 to 95% disappearance from an initial HlgG concentration of 10 and 1 mg/ml, 
respectively (Figure 1 ). The data for the protein adsorption obtained under static conditions 
were approximated using the "kinetic rate constant model", discussed in detail elsewhere [31. 
The forward rate contact (k1) was varied and the reverse rate constant (k2) was equated to KJ. 
k1. The agreement between the experimental data and the simulation is shown in Figure 1. 
Open circles depict experimental data and solid lines show the model prediction. Values of 
parameters determined by the optimized model are as indicated in Table 1. 
4.3 Frontal Analysis 
The dynamic binding of HlgG to r_PEZ was monitored experimentally by breakthrough 
analysis at different feed concentrations and linear velocities. Figure 2 depicts representative 
breakthrough profiles obtained for HlgG at feed concentrations of2 and 5 mg/ml. Break-
through profiles were generated at linear velocities of3.01, 6.02 and 12.04 em/min. For a 
HigG feed concentration of2.0 mg/ml, 10% breakthrough was observed at 17, 0.5 and 0.07 
min for linear velocities of3.01, 6.02 and 12.04 em/min, respectively. An 80% breakthrough 
in column capacity was obtained at 18, 3.4 and 1.4 min, respectively, for linear velocities of 
3.01, 6.02 and 12.04 em/min, respectively. Similar breakthrough profiles were obtained for 
other HigG concentrations (data not shown). Breakthrough profiles were approximated by 
the various models available in the literature £61. The kinetic rate constant model £31 was 
unable to approximate the breakthrough profiles obtained in our study and hence was not 
pursued further. The pore diffusion model £61 gave a satisfactory fit to some experimental 
breakthrough profiles (Figure 3). The best fit of the pore diffusion model to the data in Figure 
3 gave a rounded-off value of Np = 2. 
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4.4 Dynamic Profile 
Figure 4 illustrates the dynamic adsorption isotherm obtained for the adsorption of HigG 
to r_PEZ at a superficial linear velocity (u) of 12 em/min. The details of the experiment are 
provided elsewhere [llJ. The dynamic adsorption isotherm may be approximated by two sep-
arate regions. Region 1 corresponds to the adsorption regime where the protein uptake may 
be defined by a linear relationship. In our studies, the linear adsorption region was found be-
tween 0.5 to 5.0 mglml. Region 2 corresponds to an adsorption regime where the adsorption 
isotherm maybe approximated by an exponential function which ideally should decrease. 
Insufficient data sets indicate otherwise. 
4.5 Porosity Calculation 
The column porosity was determined using eq. 6. The first moments obtained from pulse 
injections of blue dextran were used to calculate the interstitial porosity of the column as 
0.65. However, the porosity value obtained by sodium nitrate injections was inaccurate. An 
intraparticle porosity value of0.34 was provided to us by Zirchrom. This value has been used 
throughout the calculations. A summary of the operational parameters is listed in Table 2. 
4. 6 HETP Calculations under Unretained and Retained Conditions 
The peak profiles under either condition were approximated by the Gaussian equation 
and the corresponding HETP was calculated using eq. 1. H was calculated after subtracting 
Hec of the system. Figure 5 shows the.linear dependence of unretained HETP with linear 
velocity. An intercept of0.708 and a slope of 4.27 were obtained by linear regression. Eq. 5 
was optimized by keeping the intercept value fixed (as obtained from the regression model). 
The film mass transfer coefficient, kfi, had a value of 0.999 cm/s. Values obtained were used 
in subsequent calculations. A summary of relevant results is presented in Table 3. 
For unretained peaks, variance in HETP contribution due to film mass transfer was 
assumed to be negligible under the operating conditions. The Hfilm value was subtracted from 
the retained HETP data (Table 3). Figure 6 shows the variance ofHETP with respect to 
superficial linear velocity and salt concentration. HETP increases with increasing velocity for 
any given salt concentration and it increases with salt concentration for the same velocity. 
4. 7 Determination of rand kaes 
Linear regression was used determine the slope and intercept of data in Figure 6. For each 
value of the slope, its corresponding b0 value was determined using eq. 6. Optimization of the 
derivative ofEq. 5 with respect to velocity was used to determine the parameters under the 
constraint that r is non-negative. Figure 7a shows the curve-fit of the slope of the retained 
HETP profiles obtained as a function of bo. The values obtained for rand kaes (Table 4) were 
used to determine an overall plot of the slope of eq. 5 with respect to bo. 
5.0 DISCUSSION 
Our previous studies have shown that the binding oflg' s to r_PEZ can be modeled with a 
Langmuir isotherm [JJ. The kinetic rate constant model was employed to approximate the pro-
tein uptake profiles, and values obtained by optimization were in good agreement with exper-
imental data. The rate constants (k1 and kz) decreased with increasing feed concentration 
(Table 1 ). Langmuir isotherms in conjunction with the kinetic rate constant model success-
fully modeled batch kinetic experiments £41, but they did not fit breakthrough profiles well. 
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Dynamic breakthrough profiles obtained at higher feed concentrations were not amenable 
to approximation by the pore diffusion equation. A possible explanation may be due to the 
relatively slow rate of adsorption to the matrix, as evidenced in the protein uptake profiles 
obtained in a fmite medium. Pulse techniques were resorted to ascertain precise reasons. 
The pulse analysis theory is valid for a linear equilibrium isotherm [I 6l, implying the 
chromatographic operation should be in the linear region. Our assumption of a linear adsorp-
tion ofHigG to r_PEZ is valid, as the experiments were carried out with a feed concentration 
of0.5 mg/ml and at linear velocities up to 12 em/min (Figure 4). However, the solute often 
does not show an ideal pattern, and our experimental data were no exception. Profile tailing 
may be attributed to secondary adsorptive processes [121 or due to the heterogeneity of the 
adsorptive surface of the matrix [4J. Various models have been proposed to account for this; 
however, conceptually it is hard to relate the physical background of the transport and mass 
balance equations with these models. Gaussian profiles were thus used which incidentally 
also eliminate errors in moment calculation due to instrument noise. 
We have used an approach analogous to that described by Lenhoff[121 and applied rec-
ently by Natarajan and Cramer [131• As expected, under unretained conditions, separation of 
the molecules is minimal (Figure 5). It is worth mentioning that purely from a theoretical 
point of view, the HETP for a totally inseparable species should ideally equal infinity, as 
theoretically there would be no stage available for separation, i.e. N= 0. In determining the 
parameters listed in Table 3, we assumed that the pore diffusive flux was independent of feed 
concentration. The axial dispersion, Da, of the chromatographic system varied with salt 
concentration. Da values were calculated from the intercept values obtained from the linear 
regression model ofHETP versus linear flow rate. 
Curve-fitting of the data using eq. 8 depends on values of r (the ratio of surface to pore 
diffusion). When r is not equal to zero, the profile reaches a distinct maximal value. This is in 
agreement with Natarajan and Cramer [BJ (Figure 8b). For an idea of how this profile should 
look for various salt concentrations, values of the parameters obtained by curve-fitting the 
slope data (Figure 7a) were used to plot the variation of the slope with bo (Figure 7b). A 
distinct plateau region is observed. This effect may be explained by the fact that under any 
possible given physical and chemical circumstance, some amount of solute will adhere to the 
system owing to various surface irregularities or because of favorable localized adsorption 
conditions. Results indicate that the pore diffusion is the rate-determining step in the mass 
transfer mechanisms controlling the adsorptive process, as surface diffusion can be consid-
ered to be absent (r = 1.06 x 10-4). 
Table 5a lists the definitions of parameters (NTUs) determined. The NTU contribution 
due to axial dispersion was not reported, as it is a function of the solute concentration and the 
exact relationship is not known. Table 5b shows determined NTU values. Their values can be 
compared to determine the rate-limiting mechanism for a given linear velocity. Ns and Ndes 
are influenced by salt concentration, and they differ from Np by at least two orders of mag-
nitude, implying that the rate-limiting mechanism is pore diffusion. In the breakthrough study 
this was assumed for the modeling of the dynamic breakthrough profiles, and this result vali-
dates our assumption. The value of Npore obtained in the previous study, however, differs by 
an order of magnitude from the current study. Hence to accurately model the system, numer-
ical methods of solving the relevant transport equations should be used. 
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6.0 CONCLUSION 
The batch adsorption kinetics of Ig' s to r_PEZ maybe described by the kinetic rate con-
stant model. For r_PEZ, results suggest the rate of adsorption ofig is more favorable than 
desorption. Equations that describe the pore diffusion model were used to attempt to model 
the dynamic breakthrough profiles. It appears that the mass transfer in r_PEZ is pore diffus-
ion-limited, although only a few profiles could be curve-fit. HETP and pulse technique anal-
ysis indicate the mass transfer ofHigG in r_PEZ is limited by pore diffusion, reinforcing the 
dynamic studies. For scaleup operations, Np is to be optimized. Future work will seek to 
study the effects of macroporous r_PEZ molecules on the adsorption process. In conjunction 
with the results presented in our earlier work [Il, a set of engineering parameters is now 
available that can be used to scale up chromatographic separations based on r_PEZ. 
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Fig. 1: Batch kinetic uptake ofHigG to r_PEZ beads at different concen-
trations. The procedure is mentioned in the Materials and Methods section. 
Maximum binding capacity and the dissociation constant ofHigG for the 
column was taken as 55 mg/ml and 0.7 mg/ml, respectively. A kinetic rate 
constant model was used for the system and the values ofthe rate constants 
were determined by least square fit. C' indicates the dimensionless protein 
concentration after 50 min have elapsed from the start of the experiment. C* 
represents the disappearance of 50% ofthe initial feed concentration. Rep-
resentation of one concentration (I mglml) for clarity purposes only. 
Table 1: Kinetic rate constant model was used to determine the lumped 
forward (k1) and backward (k2) reaction rate constant. Individual experi-
ments were done in duplicate. (a): Concentration determined by measuring 
respective sample absorbance at 280 nm. (b): Concentration determined by 
respective ELISA. 
Hlg I Co Omax Kd k1 k2 
'v ~' n ''W·'-"'"_,_, ' -min~r-·· 
mllm 
I 
0.7 0.01694 
-·~ ----~--~-~·.,n---- -~'>'••~·-- no ··-~"~-~~ 
0.7 0.00175 
i 55 0.7 0.0028 0.00196 I 
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Fig. 2: Breakthrough curves obtained for the dynamic uptake of HlgG to a 
packed analytical column (0.46 em i.d. x 5 em) ofr_PEZ beads. Particle 
diameter was in the range of3-30 f..tm. Column was equilibrated with LB 
and then fed with HlgG dissolved in LB at 2 and 5 mglml, respectively. The 
time was made dimensionless by normalizing it with respect to total time of 
operation. The initial time has been taken as the response time for this plot 
for presentation purposes only. 
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Fig. 3: Dynamic profiles plotted and modeled for individual linear veloc-
ities presented in Figure 2a using the pore diffusion model. Data was fitted 
by least squares optimization. All plots were obtained using a feed concen-
tration of2.0 mg/ml ofHigG. Figures 3a and 3b were obtained for linear 
velocities of3.01 and 6.02 em/min, respectively. TheNpore value for the 
system was obtained to be approximately 2. 
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Fig. 5: HETP of the packed r_PEZ analytical column for HlgG under 
unretained conditions as a function of linear velocity. The values of kc and 
Dp determined in this optimization were used for curve-fitting the HETP 
profiles under retained conditions. The mobile phase consisted of 4 mM 
EDTPA, 20 mM MES and I M NaCI at pH 7. 
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Fig. 6: Variation ofHETP with linear velocity for different salt concentrat-
ions. Data profile determined by least-squares fit. HlgG was fed into the 
analytical column (0.46 em i.d. X 5 em length) packed with r_PEZ. Salt 
concentrations used are as indicated and operations using the same were 
carried out by changing the respective loading buffers' salt composition. 
The elution and regeneration buffers' salt composition remained the same, 
i.e. IM NaCI. The equilibrating and diluting buffer was the same as the 
loading buffer. 
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Fig. 7: Change of slope of HETP plots as a function of b0• Least-square fits 
were done on the data as using the equation given in the Theory section. 
Feed concentration ofHigG was 0.5 mg/ml. Panel (a) depicts the best fit of 
the data; a broader sense of the range of the function is given in Panel (b). 
This range was determined by using the value of r and k.ies values obtained 
by fitting the data to the model in panel (a) 
Table 2: Column information. 
Matrix Properties Column Dimensions 
~-w-~ ~~ne•'--·v-
Matrix Interstitial 
Porosity a 
r PEZ 0.65 
a Value obtained from experimental setup. 
b Value obtained from supplier 
Table 3: Results from unretained data. 
Matrix Slope of 
HETP Plot8 
lntrapartiele 
Porosityb 
0.34 
-···----····-··--·~---· ...... ····-·-····-····-····--··-·--·-- ·-·-··'"'"••-·---·············--···· ········· ··--···~-----·········· ········· ·········--.................. ..... . ............... . 
Len~th 
em 
5.0 
Hti1m 
sec (cm2/sec) em em/sec em 
Diameter 
em 
0.46 
r_PEZ 0.292 2.06 X 10"7 0.618 0.875 0.999 4.02 X 10"5 
'=========================:=!:::========~========:!Ia Value obtained from linear 
regression plot of data of Figure 6. 
b Value obtained after performing least square minimization of data using Eq. 4 
Table 4: Results obtained from retained conditions 
Matrix ,a Dsb 
r_PEZ 1.06 X 1<t Negligible surface diffusion 
a Value obtained by curve fitting of data of Figure 8 (a). 
b Value obtained from the slope ofEq. 5. 
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Kinetic analysis of CaC03 precipitation by Siran ™ -immobilized Bacillus 
pasteurii 
Jacklyne J. Lippert and Sookie S. Bang 
Department of Chemistry/Chemical Engineering 
South Dakota School of Mines and Technology 
Rapid City, SD 57701 
Bacillus pasteurii ATCC 11859 cells were immobilized on Siran ™ porous glass beads, 
which allow surface immobilization. Kinetics of microbiologically induced calcium carbon-
ate precipitation was studied with Siran TM -immobilized B. pasteurii. The kinetic values were 
obtained from regression analysis using an exponential logistic equation. Efficacy of immob-
ilization was determined by recovering B. pasteurii cells immobilized on Siran ™ beads in a 
buffer solution containing 200 mM sodium citrate, pH 8.8. The concentration of the recov-
ered cells was determined by reading the optical density of cell suspension and by counting 
colony-forming units on solid plates. Evidence of microbiologically induced CaC03 precip-
itation on Siran ™ beads was examined by scanning electron microscopy and energy-disper-
sive X-ray analyses. 
1. Introduction 
1.1 Calcite precipitation 
B. pasteurii, an alkalophilic soil bacterium, produces 1% of the dry cell mass ofurease 
(Mobley et al., 1989). During the hydrolysis of urea by urease,~+ is produced, which 
causes an increase in the pH of the surrounding environment. This pH elevation induces the 
precipitation of CaC03 in a urea-CaCh medium, where the calcium and bicarbonate ions are 
supplied (Stocks-Fischer et al., 1999). Upon initiation of CaC03 precipitation, the cell 
becomes the nucleation site. The participation of the cells in CaC03 precipitation can be 
summarized by the following reactions: 
Ca2+ +Cell- Cell-Ca2+ 
cr + Hco3- + NH3-~c1 + co32-
Cell-Ca2+ +col-- Cell-CaC03 
1.2 Immobilization techniques 
The long-term goal of this research is to remediate concrete cracks with microbiological-
ly induced CaC03. An immobilization technique is applied to protect the B. pasteurii cells 
from the pH of concrete, which is approximately 12.5. In our laboratory, two immobilization 
techniques were utilized: matrix encapsulation (Bang et al., 2001) and surface immobilizat-
ion (Shivers-Lake et al., 2001). Matrix encapsulation immobilization was achieved using 
polyurethane (PU) foam. Surface immobilization was achieved through covalent bonding of 
B. pasteurii to Siran ™ beads. With surface immobilization, diffusional limitations are min-
imized so that the reaction occurs as closely to free cells as possible. 
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2. Materials and Methods 
2.1 Preparation of Siran'" beads 
The Siran .. beads (2-3 mm) were purchased from Jaeger Biotech Engineering (Costa 
Mesa, CA). The beads were washed with a 1:1 (v/v) HCllmethanol solution for 30 min. To 
remove excess HCl and methanol, the beads were rinsed with distilled water six times for the 
duration of 5 min each. An additional 30-min acid wash was performed with H2S04. The 
excess H2S04 was removed by rinsing with distilled water six times for 5 min each. The 
preceding steps were done with light shaking at room temperature. The beads were then 
boiled in distilled water for 30 min. The acid-washed beads were dried at 80°C overnight. 
The beads were held in the oven for less than 7 days before the preparation was complete. 
The linker treatment with silane was done for 2 h in a solution of 4% 3-aminopropyltri-
methoxysilane {APTMS) in acetone. The excess silane was washed from the beads with 
acetone in three rinses of 5 min each. After this step, all procedures for B. pasteurii immob-
ilization were carried out under aseptic conditions. The beads were then washed with ster-
ilized distilled water in three successive rinses of 5 min each. The cross-linker treatment was 
done by coupling the beads with a solution of 2% gluteraldehyde in distilled water for 1 h. 
The excess gluteraldehyde was rinsed off with distilled water in three rinses of 5 min each. 
The fmal rinse was done with sterilized phosphate buffer (100 mM Na2H/NaH2P04, 1 mM 
EDTA buffer), pH 7.7. This rinse was also done three times for 5 min each. The preceding 
steps were done with light shaking at room temperature. The beads were held in phosphate 
buffer for less than 24 h before immobilization. 
2.2 Preparation of B. pasteurii cells 
B. pasteurii ATCC 11859 was used for this study. B. pasteurii was cultured in ATCC 
1832 medium containing 10 g tryptone peptone, 5 g yeast extract, 4.5 g tricine, 5 g 
ammonium sulfate, 2 g glutamic acid, and 10 g urea r 1, pH 8.6, which was filter-sterilized. 
Pilot cultures were grown overnight in 10 ml of ATCC 1832 medium. The pilot cultures were 
transferred to a 1 00-ml growth culture and grown until the late exponential stage. B. pasteurii 
cells were harvested by centrifugation (Sorvall RC26 Plus) at 8000 rpm for 10 min. The cell 
pellet was washed three times with saline. The fmal pellet was suspended in saline. The cell 
concentration was determined by obtaining the optical density (OD) at 600 nm using a spec-
trophotometer (Beckman Coulter DU600) and applying the following equation: 
y = 2 x 108 xl.2783 (1) 
where 
y =concentration, cell mr1 
x = optical density at 600 nm 
2.3 Immobilization ofB. pasteurii on Siran .. beads 
For the whole-cell immobilization of B. pasteurii, cells were immobilized on Siran ™ 
beads prepared as described in Section 2.1 with the linker and the cross-linker. The immob-
ilization was carried out in a flask containing 400 treated beads in 20 ml of saline suspended 
with B. pastuerii of an initial concentration of 8.0 x I 08 cells mr1 with light shaking for I h 
at4°C. 
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2.4 CaC03 precipitation reaction 
The inoculum of 1.0 x 106 cells mr1 was placed in a 50-ml flask containing the follow-
ing: 9 ml urea medium with final concentrations of 187 mM ~Cl, 25.23 mM NaHC03 and 
0.3% nutrient broth, with varying concentrations of urea (111, 333, and 444 mM). The 
reaction was initiated by adding 1 ml CaClz for a final concentration of25.23 mM CaCh. 
The CaC03 precipitation reactions were carried out at 30°C with shaking at 133 rpm. 
Samples were taken every half-hour for 8 h and at 24 h. The samples were centrifuged at 
2500 rpm for 10 min. The concentration of insoluble CaC03 was determined by the EDTA 
titration procedure described in Section 2.5. All samples were prepared in triplicate. 
2.5 EDTA titration 
The concentration of insoluble CaC03 was determined by the following procedure 
(APHA, 1989). The working solutions are prepared as follows: 
1) Methyl red indicator: 0.02 g methyl red stirred into 60 ml of heated absolute ethanol 
and added to 40 ml of distilled water 
2) EDTA buffer: 1.179 g disodium EDTA dihydrate and 0.78 g MgS04·7 H20 dissolved 
in 50 ml distilled water, added to 16.9 g ~Cl dissolved in 143 ml concentrated 
~OH and mixed together, and diluted to the mark of a 250-ml volumetric flask 
with distilled water 
3) Eriochrome Black T: 0.5 g Eriochrome Black T indicator mixed with 100.0 g NaCl 
4) 0.01 M EDTA: 3.722 g disodium EDTA dihydrate in 1000 ml of distilled water 
A 5-ml aliquot of the supernatant from the CaC03 precipitation reaction was placed into a 
1 00-ml beaker with a stir bar. Distilled water was added to the beaker until the stir bar was 
covered and the beaker was placed on a stir plate. Approximately 10 drops of methyl red 
indicator solution was added to the beaker. The sample was adjusted to a medium orange 
endpoint with 6 N HCl and 3 N ~OH solutions. Approximately 2 ml of EDTA buffer was 
added to the mixture. Approximately 114 of the tip of a 3-inch metal spatula ofEriochrome 
Black T solid was added to each sample to achieve a mauve color. The sample was titrated 
with 0.01 M EDTA solution to a blue (sometimes green) endpoint. The amount of insoluble 
Ca2+ was determined from the volume of EDTA titrant using the following equation: 
X· 50000 · 0.02 
y = 5·100.08 (2) 
where xis the milliliters of EDT A added to reach the endpoint, 50,000 is a constant given in 
APHA (1989), 0.02 is the normality of the EDTA solution, 5 represents the volume of the 
aliquot in ml, and 100.08 is the molecular weight of CaC03. The concentration of insoluble 
CaC03 is determined by subtracting they values in eq. 2 from the initial concentration of 
25.23 mM CaC03. 
2. 6 Preparation ofB. pasteurii-laden Siran ~beads for scanning electron micography 
The beads were prepared for SEM observations before and after the CaC03 precipitation 
reaction. They were placed in a test tube with 1-2 ml of fixing solution (9 parts of 100 mM 
cacodylate buffer, pH 7 .2, and 1 part of gluteraldehyde ). The test tubes were placed in ice for 
45-60 min to fix. The liquid was drawn off with a pasteur pipet. The beads were washed with 
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1-2 ml of 100 mM cacodylate buffer, pH 7 .2, for 2-3 min. With a pasteur pipet, the buffer 
was drawn off and replaced with distilled water for 1 min. The cells were dehydrated using 
four concentrations of ethanol (50%, 70%, 80%, and 100%), successively for 15 min each. 
The last step with 100% ethanol was repeated. The beads were stored in a desiccator until 
SEM examination could be performed (Bang eta/., 1999). 
2. 7 Determination of cells immobilized on Siran TM beads 
Concentrations of immobilized cells were determined by the following two methods: 
total cell count and recovery of immobilized cells from Siran ™ beads using citrate buffer. 
2. 7.1 Total cell count 
OD measurements were taken to determine the cell concentration in the supernatant of 
the immobilization solution before and after the immobilization described in Section 2.3. The 
number of cells mr1 was determined using eq. 1. The difference in the number of cells mr1 
was used to calculate the cells bead-1• 
2. 7.2 Recovery of the immobilized cells from Siran TM beads 
The ionic strength of citrate buffer triggers the detachment of covalently bound cells from 
the bead (Bang eta/., 1999). The concentration of the recovered cells was determined by 
viable cell counts by plating and OD readings of supernatant. 
2.7.2.1 Viable cell count 
Ten Siran ™ beads immobilized with B. pasteurii were placed in 2 ml of a buffer contain-
ing 200 mM sodium citrate, pH 8.8. The beads were incubated in the citrate buffer for 2 h 
with light shaking at 4 oc to recover cells from the beads. After serial dilution, the supernat-
ant was plated onto solid plates of ATCC 1832 medium. The plates were incubated at 30°C 
for 24-48 h. The colony-forming units were counted to determine the number of cells bead-1• 
2. 7.2.2 Optical density 
B. pasteurii cells were recovered by treating 90 cell-laden beads in 10 ml of citrate buffer 
for 2 h with light shaking at 4°C. After the treatment, the OD of the citrate buffer solution 
was taken and the number of cells mr1 was determined using eq. 1. The number of cells 
bead-1 was determined using the number of beads and the volume of solution. 
3. Results 
3.1 Immobilization of cells on Siran TM beads 
The cells are covalently bound to Siran ™ beads, accomplished by the treatment of beads 
with APTMS and gluteraldehyde (Shriver-Lake eta/., 2002). The evidence that the cells are 
immobilized is apparent on the scanning electron micrographs depicted in Fig. 1 b and 1 c. 
3.2 Kinetic values through regression analysis of microbiologically induced CaC03 precip-
itation 
Figure 2 includes Ca2+ precipitation induced by Siran TM -immobilized B. pasteurii at urea 
concentrations of 111, 333, and 444 mM. CaC03 precipitation was complete in 4.5 h for the 
three concentrations of urea tested. As shown in Fig. 2, the rate of CaC03 precipitation is 
directly proportional to the urea concentration. 
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Figure I. Scanning electron micrographs of Siran ™ beads and immobilized B. pasteurii. 
a) Surface of Siran TM bead. Bar: 20 ~m. b) Immobilized B pasteurii on the surface of 
Siran ™ bead. Bar: 20 ~m. c) Close-up of immobilized B pasteurii on the surface of 
Siran ™ bead. Bar: 10 ~m. 
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Figure 2. Calcite rrecipitation by Siran TM -immobilized B. pasteurii. 
Inoculum: 1 X 10 cells mr1• 
The logistic equation was used to study the kinetics of the CaC03 precipitation reaction. 
The regression was done on the reaction mixture containing 333 mM urea. The equation 
(Madhurai, 2000) and parameters are as follows (Table 1): 
where 
a = maximum amount of Ca2+ precipitated (mM) 
b =rate constant ofCa2+ precipitation (h-1) 
c = time at the maximum rate of Ca2+ produced (h) 
x0 = constant that depends on the immobilization matrix 
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(3) 
Table 1. Comparison of constants of the logistic equation used for 
free cells, PU-immobilized, and Siran TM -immobilized B. pasteurii. 
Constants 
a(mM) 
b (h-1) 
c (h) 
Xo (-) 
Free cellsa 
25.23 
1.81 
2.40 
1.00 
aStocks-Fischer, 1997 
bMadhuri, 2002 
PU-immob-
ilized cellsb 
25.23 
0.89 
2.91 
1.54 
So TM 0 b rran -tmmo -
ilized cells 
25.23 
2.67 
1.50 
1.00 
The rate constant of Ca2+ precipitation by Siran TM-immobilized B. pasteurii is 1.48 times 
that of free cells. The time at maximum rate is reduced with Siran TM -immobilized. A note of 
interest is that the Xo value for Siran ™ immobilized is the same as that for free cells. 
3.3 Determination of cell concentrations immobilized on Siran TM beads 
The number of cells immobilized on each bead was determined by the three methods 
described in Section 2.7. The difference between the total cell count and viable cell count is 
approximately one order of magnitude. The OD values of the solution extracted from the 2-h 
citrate buffer treatment are closer to the total cell count of the immobilization solution. The 
results are displayed in Table 2. The total cell count method was used to establish inoculum 
concentration in CaC03 precipitation reaction flasks. The 2-h citrate buffer treatment is more 
accurate because more cells have been removed from the beads. The optimal cell concentrat-
ion is 1 x 106 cells bead-1• 
Table 2. Comparison of the methods used to determine 
concentration of cells immobilized on Siran TM beads. 
Viable cell Viable cell OD of citrate Total cell 
count (1 h) count (2 h) buffer solution count 
X 10-6 x10-6 x10-6 x10-6 
2.1 2.4 47 89 
0.51 0.78 4.8 0.97 
0.33 0.46 6.7 5.2 
0.84 4.8 13 13 
0.99 2.6 29 39 
0.19 0.54 5.1 3.1 
0.36 0.50 5.6 6.0 
0.17 0.28 7.2 1.0 
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3.4 Evidence ofmicrobiological CaC03 precipitation on Siran ™ beads 
Figure 3 shows SEM's of beads prepared after CaC03 precipitation reaction with distinct 
cuboidal and spherical crystal structures. Both structures are shown on Figure 3a. The arrow 
in Figure 3a indicates a spherical crystal on a cuboidal crystal. 
Figure 3. SEM's ofCaC03 
precipitated by Siran TM-
immobilized B. pasteurii. 
a) Cubical and spherical 
shapes of crystals. Bar: 50 
~m. b) Close-up of crystal 
formed on surface of bead. 
Bar: 20 ~m. c) Overall 
view of bead surface. Bar: 
200 ~m. d) Cells embedded 
in crystal. Bar: 50 ~m. 
The composition of the crystals was determined using energy-dispersive X-ray (EDX) 
analysis with SEM. The major component of the crystals is CaC03 (Figure 4). The gold 
peaks result from the preparation of the samples for SEM analysis. 
Figure 4. EDX of calcite crystal in Figure 3d. 
4 Discussion 
The immobilization technique used in our previous research was matrix encapsulation 
using polyurethane (PU) foam (Bang eta/., 2001). The immobilization using Siran TM beads is 
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on the surface with the procedure described in Section 2.3. The immobilization matrices in 
both techniques have a porous structure (Figures la and 5a).To reduce diffusional limitations 
Siran ™ -immobilization is a better technique than PU-immobilization. The evidence is found 
in Table 1. The rate constant for the Siran TM -immobilized is 2.67 h-1 and the time at the max-
imum rate is 1.50 h. Both of these values are improvements over the values obtained with 
free and PU-immobilized cells. A potential reason for the faster rate of Siran TM -immobilized 
is possible clumping of the free cells, which in turn creates diffusional limitations by the 
CaC03 precipitation. 
The matrix-dependent parameter, x0 , is 1.0 for free and Siran ™ -immobilized cells, 
indicating that there is no apparent hindrance due to difussionallimitations by Siran ™-
immobilization. 
The PU-immobilized matrix dependent parameter, Xo, is 1.5 and therefore exhibits the 
influence of the matrix. As seen in Figure 5c, the PU envelopes some of the cells such as 
those seen at the end of the arrow, which results in diffusional limitations in the PU-immob-
ilization system. 
The rate constant for the PU-immobilized precipitation reaction is 0.89 h-1, which is 
lower than the values for the free and Siran ™ -immobilized cells. The slower rate can also be 
attributed to the cells being embedded into the PU matrix. 
The total cell counts by OD readings are approximately one order of magnitude higher 
than those by the viable cell counts. The viability of the cells may be compromised by the 
toxic effect of the gluteraldehyde used in the treatment of the beads. The OD values of the 
Figure 5. a) The surface ofPU exhibiting the porous structure. Bar: 1 f.A.m. b) Immob-
ilized B. pasteurii in PU. Bar: 1 f.A.m. c) B. pasteurii cells immobilized into the PU 
matrix. Bar: 1 f.A.m (Bang et al., 2001). 
citrate buffer solution are closer to those of the total cell count method showing that the total 
cell count by OD readings is more reliable. 
The microbiologically induced CaC03 crystals have two characteristic structures, cuboid-
al and spherical, with the spherical structure being dominant over the cuboidal shape. The 
CaC03 crystals are seen on the surface of the bead and within the pores. It has been reported 
that cuboidal crystals of CaC03 are more frequently found in calcite precipitated by B. pas-
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teurii cells (Stocks-Fischer, 1997) and B. pasteurii urease (Williams, 2002). 
In conclusion, the surface immobilization technique yields kinetic values comparable to 
those of the free cells. The diffusional limitations seen in matrix encapsulation have been 
reduced with the Siran ™ -immobilization. The number of cells immobilized per bead can be 
determined accurately by measuring the total cell count by OD readings. 
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Automated docking of phospholipids to the phospholipase D active site: 
Insight into the catalytic mechanism 
Christopher L. Aikens, Alain Laederach, and Peter J. Reilly 
Department of Chemical Engineering 
Iowa State University 
Ames, lA 50011 
Phospholipase D (PLD) is an important enzyme that is involved in vesicle formation, pro-
tein transport, and signal transduction. PLD hydrolyzes phospholipids to phosphatidic acid 
and their corresponding alcohol head groups. The first crystal structure of a PLD from Strep-
tomyces sp. has been recently solved to a resolution of 1.4 A and reveals an a-~-a-~-a-sand­
wich comprised of two tightly packed domains of similar topology. The PLD active site has 
been identified by homology with the well-established sequence motifHXK(X)J) and the 
presence of an inorganic phosphate molecule in the corresponding surface well. Using auto-
mated docking, we were able to predict the binding conformation of different phospholipid 
substrates (phosphatidic acid, phosphatidylcholine, phosphatidylethanolamine, phosphatidyl-
glycerol, phosphatidyl-myo-inositol, and phosphatidylserine by minimizing the intermolec-
ular energy using the current crystal structure. In addition, the effect of the fatty acid chain 
length on binding conformation has been investigated by docking molecules with fatty acids 
ranging in length from 2 to 18 carbons. These results have allowed us to propose a mechan-
ism for PLD hydrolysis and inhibition. 
Introduction 
In this study we investigate substrate and inhibitor recognition by the ubiquitous enzyme 
phospholipase D (PLD) by automated docking. PLD hydrolyzes phospholipids (PLs) to phos-
phatidic acid (PA) and the corresponding hydroxy compound (1). PLD also catalyzes the 
trans-phosphatidylation reaction in which P A and an alcohol group are combined to form a 
different PL. PLDs are involved in vesicle formation, protein transport, and signal transduc-
tion. P A is also a secondary messenger that, under some circumstances, may cause changes 
in the lipid bilayer properties. P A is further broken down into two other secondary messen-
gers, diacylglycerol and lysophosphatidic acid. 
The PLD superfamily is characterized by the highly conserved active-site motif 
HXK(X)4D, where X is any amino acid (2). Each PLD contains two of these HKD motifs and 
is believed to play a critical role in PLD activity. The PLD catalytic reaction occurs in two 
steps (Figure 1) (3, 4). First, there is a nucleophilic attack by the histidine residue in the HKD 
motif to the phosphorus atom in the PL. This creates a covalently linked phosphatidyl-
enzyme intermediate. There are two possible second steps. One possibility is hydrolysis of 
the intermediate by a water molecule. This gives P A and a hydroxy compound. The other 
possibility is hydrolysis of the intermediate by an alcohol. This trans-phosphatidylation reac-
tion yields a different PL than the original. 
The first crystal structure of a PLD from Streptomyces sp. has been recently solved to a 
resolution of 1.4 A, revealing an a-~-a-~-a-sandwich comprised of two tightly packed 
domains of similar topology (5). We used this structure and automated computational dock-
ing to model PLD interactions with P A and other PLs. We are specifically interested in head 
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group recognition, phosphate-histidine binding, and hydrophobic surface interactions of the 
lipid chains with the PLD. In addition, we are studying the role lyso-PLs play in PLD inhib-
ition (6, 7). 
Experimental Plan 
Initially, we opted to dock phosphates with a methyl group and the head group into the 
active site. We expected that the small size would give accurate docking results while mini-
mizing computational time. However, none of these molecules would successfully dock into 
the active site. After an examination of the surface map of the enzyme, we determined that 
were large areas of hydrophobic surface near the active site. Our hypothesis is that the longer 
chains of the lipids are required to allow proper orientation of the phosphate into the active 
site. We decided to test this hypothesis by varying the lipid chain length from two to eighteen 
carbons and docking complete PL heads. This allows us to determine a minimal chain length 
required for docking and suggest possible secondary docking sites. 
Methods 
Automated docking simulations were conducted using the AutoDock 3.06 suite of pro-
grams (8). Hydrogen atoms were added to the crystal structure and atomic partial charges 
were added to the protein. Intermolecular interaction energy grids were calculated using 
atomic probes corresponding to each atom type found in the ligand. Grid spacing was set to 
0.375 A with 70 grid points centered on the calcium ion. The electrostatic interaction energy 
grid used a sigmoidal distance-dependent dielectric function to account for the solvent 
screening effect. Self-consistent 12-6 Lennard-Jones coefficients were used along with a 
distance criterion with sinusoidal directional attenuation to account for hydrogen bonding (9). 
The PLs were prepared using PC-Model (Serena Software, Bloomington, Ind.) and the partial 
charges were calculated by GAMESS using RHF 6-310* (10). 
With AutoDock, the protein is fixed in space and the ligand is allowed translational, rot-
ational, and torsional variability. Ligands were initially placed near the active site by over-
laying the phosphate group to the corresponding crystallographically-determined coordinates 
of the phosphate. The docking simulation was allowed to run for 100 iterations, using the 
Lamarckian genetic algorithm. Ligands were generally redocked starting from the best 
energy structure with the lowest phosphate group RMSD. Docking was considered complete 
when no improvement in the potential energy was observed upon two rounds of successive 
redocking. Ligands were determined not to dock if no improvement in potential energy could 
be obtained after three rounds of successive redocking and if the phosphate group was not 
within the active site of the protein. 
Docked Ligands 
The PLs (Figure 2) included in this study are phosphatidic acid (PA), phosphatidylchol-
ine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidyl-myo-
inositol (PI), and phosphatidylserine (PS). Figure 3 shows diagrams of the head groups, 
which play an important role in PLD recognition. Many PLDs are specific to a certain head 
group. Since the enzyme we are studying is from a Streptomyces sp., and no work on this 
specific enzyme has been done to determine its specificity, all head groups were docked. 
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Results 
As can be seen in Table 1, in general it was difficult to obtain docked structures oflig-
ands with longer lipid chains. However, for those ligands that did dock successfully, several 
general trends were observed. To better interpret the results, an electrostatic surface potential 
map was created based on the existing PLD crystal structure. As shown, the catalytic site is 
positive due to the presence of the histidine residues, which in this case were both assumed to 
be protonated, as there exists no experimental information distinguishing the catalytic acid 
from the base. In addition, a hydrophobic cliff is found to the left of the catalytic site. Fur-
thermore, a large exposed hydrophobic surface also exists above the active site. 
The hydrophobic cliff and surface could potentially accommodate the binding of the two 
aliphatic tails of the PLs, while the negatively charged phosphate head group would bind 
near the two histidines in a manner analogous to that observed in the crystal structure. Such a 
binding mode would clearly be energetically favorable, as a significant portion of the hydro-
phobic tail of the lipid would contact the protein. 
The catalytic product, P A, is the PL for which we were able to obtain successfully 
docked structures for all aliphatic tail lengths. In general, the energy decreases progressively 
with longer chain length. Given the additive nature of the intermolecular potential, one 
expects that with supplementary ligand atoms the binding energy decreases. The largest gain 
(approximately 25 kcal/mol) in binding energy is observed in the chain lengths ranging from 
2 to 8 as well as from 12 to 14. This suggests that the optimal chain lengths ofPA ligands are 
8 and 14. Such an analysis is not possible with the other ligands as it was not possible to suc-
cessfully dock all of them. 
We nonetheless were interested in analyzing the docked structures of the different PLs. In 
Figure 4 we show the docked structures ofPA-14, PA-18, and PC-14. These structures give 
insight into the reason for the favorable binding energy ofPLs of chain length 14. As sug-
gested earlier, the hydrophobic cliff can accommodate a PL tail, thereby significantly con-
tributing to the binding energy. The other hydrophobic tail extends over the top hydrophobic 
surface of the protein for PA-14 and PC-14, but not for PA-18. It appears that with longer 
chain length the hydrophobic surface cannot accommodate the added methyl groups. This 
explains why the gain in binding energy is not significantly greater as chain length is in-
creased to 16 and 18. Furthermore, the hydrophobic tails adopt similar conformations on the 
surface of the protein, suggesting specific atomic contacts within the hydrophobic surface 
stabilize the complex. 
Discussion 
A systematic docking study has revealed some of the molecular requirements for PL 
binding to the Streptomyces sp. PLD. Two hydrophobic regions, the hydrophobic cleft and 
surface indicated in Figure 5, appear to be important in ligand recognition, especially for 
ligands of longer chain length. The two histidine residues previously identified as the putat-
ative catalytic acid and base by sequence similarity appear to be indeed acting as proton 
donors and acceptors, given that most PLs can be accommodated in the active site with the 
phosphate near these two residues. In general, it appears that electrostatic interactions do play 
a role in ligand recognition, as the negative phosphate of the ligand is attracted to the positive 
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surface of the protein defined by the two histidine residues. However, secondary and tertiary 
hydrophobic interactions with the tail of the PL stabilize the complex further and allow for 
hydrolysis. 
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Table 1. Effect ofhead group and chain length on binding energy. 
Chain 
length PA PC 
2 -102.36 -131.72 
4 -138.96 -183.01 
6 -165.29 -213.09 
8 -193.12 -224.66 
10 -194.18 -237.65 
12 -211.98 
14 -241.41 -257.30 
16 -252.50 
18 -260.77 
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Figure 1. PLD catalytic mechanism. 
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Figure 3. Phospholipid head groups. 
Phosphatidic Acid (PA) 
Phosphatidylcholine (PC) 
Phosphatidylethanolamine (PE) 
Phosphatidylserine (PS) 
Phosphatidylglycerol (PG) 
Phosphatidylinositol (PI) 
42 
(A) (B) (C) 
Figure 4. Docked conformations of(A) PA-18, (B) PA-14, and (C) PC-14. 
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Development of Bacillus pasteurii Urease-Negative Mutants 
ABSTRACT 
Johnna K. Roth and Sookie S. Bang 
Department of Chemistry and Chemical Engineering 
South Dakota School of Mines and Technology 
501 E. St. Joseph St. 
Rapid City, SD 57701 
Mutagens, ultraviolet light, and N-methyl-N' -nitro-N-nitrosoguanidine were used to 
develop urease-negative mutants of Bacillus pasteurii ATCC 11859. B. pasteurii produces 
urease in large quantity, up to 1% of its cell dry weight. Urease catalyzes the hydrolysis of 
urea to ammonia and carbon dioxide. In a medium containing urea and calcium and carbon-
ate ions, ammonia increases pH, inducing calcite precipitation. Calcite precipitation by B. 
pasteurii urease has been used as a tool in bioremediation of cracks in concrete and granite 
structures. This study, constructing recombinant bacteria over-expressing B. pasteurii urease, 
is part of the long-term goal of our research in urease-induced calcite precipitation. 
Seven stocks of urease-negative mutants were selected from the mutagen exposure. The 
possible urease-negative mutants in addition to the wild-type bacterium were tested for spec-
ific urease activity as well as calcite precipitation. Each of the possible mutants expressed 
low urease activity and induced little calcite precipitation compared to wild-type B. pasteurii. 
Current efforts focus on construction of urease-knockout mutants in B. pasteurii and restorat-
ion of urease activity by rescuing the urease-negative mutants developed through UV and 
NG mutageneses with a plasmid expressing B. pasteurii genes (pBU11). 
INTRODUCTION 
Calcium carbonate precipitation by microorganisms such as bacteria, algae, and yeasts 
have been studied and reported. Precipitation ofCaC03 has been observed in marine, brack-
ish, and fresh water as well as in soil. In natural settings precipitation occurs slowly, plugging 
cracks in permeable rock formations over time (Hart et al., 1960; Kantazas et al., 1992). 
Mechanisms proposed for microbial CaC03 precipitation include microbial binding, alterat-
ion of the medium that changes the pH, and microbial bodies acting as nucleation sites. 
B. pasteurii is an alkalophilic, gram-positive, soil bacterium that produces a large amount 
of urease (urea amidohydrolase, EC 3.5.1.5) inside the cell (Mobley et al., 1989). A constit-
utive enzyme, urease catalyzes the hydrolysis of urea to ammonia and carbamate. Carbamate 
decomposition in solution is nonenzymatic and buffer-dependent, yielding carbonic acid and 
a second ammonia molecule (Huang and Chen, 1991; Mobley et al., 1995). The carbonic 
acid and ammonia molecules are in equilibrium with their protonated and deprotonated 
forms, which increases the system pH. The reactions can be summarized as follows: 
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(1) 
(2) 
H2C03 :;:::= H+ + HC03-
2NH3 + 2H20 :;:::::: 2NH4+ + 20Ir 
(3) 
(4) 
In tum, the increase of pH induces CaC03 precipitation in a medium containing Ca2+ and 
C032-. Our previous research demonstrated that the rate ofCaC03 precipitation induced by 
B. pasteurii is 58% higher than chemical precipitation in water and 30% higher than chem-
ical precipitation in medium alone (Stocks-Fischer et al., 1999). In addition, B. pasteurii is an 
endospore former and is desirable for use under unfavorable environmental conditions. 
Extensive enzymatic studies have been conducted on urease, mainly because of its med-
ical and agricultural significance (Eaton et al., 1991; McGee et al., 1999; Scott et al., 1998). 
Researchers have reported the sequences and molecular characterization of urease gene 
clusters for a number of microorganisms, including B. pasteurii (Mobley et al., 1995; Mors-
dorf et al., 1994; You et al., 1995). Assembly of the nickel cofactor, transport of the substrate 
and the cofactor, enzymatic activity, and specific functions of the urease gene clusters con-
tinue to be studied. There are conflicting reports regarding the homology of the urease gene 
between species. Currently, it is known that B. pasteurii urease has seven genes, demonstrat-
ing that the contiguous ureA, ureB, and ureC genes code for the structural subunits of the 
enzyme, with ureC being the primary structural polypeptide (You et al., 1995). Accessory 
genes (ureD, ureE, ureF, and ureG) located downstream of ureC are thought to be respon-
sible for the nickel metallocenter assembly at the active site, transport of urea and amines, 
and activation of the enzyme. In deletion analysis, all of the known accessory genes are 
required for the expression of urease activity, since deletion of any of the accessory genes 
resulted in a loss of urease activity (You et al., 1995). 
The main focus of the current research is to introduce molecular DNA technology con-
cepts in remediation of cracks and fissures in concrete and granite structures. At the South 
Dakota School of Mines and Technology, microbiologically-enhanced crack remediation 
(MECR) is currently in progress utilizing CaC03 precipitation induced by whole-cell B. 
pasteurii and its urease (Bang et al., 2001). Establishing a solid control to verify urease as the 
enzymatic catalyst of microbial CaC03 precipitation is essential to the foundation of the 
project. Urease-negative mutant strains of B. pasteurii will serve as controls for recombinant 
microorganisms that are involved in calcite precipitation. Development of a recombinant 
microorganism that over expresses the urease gene will enhance the process of microbiolog-
ically induced CaC03 precipitation. 
RESEARCH OBJECTIVES AND RATIONALE 
1. Development and Selection of a Urease-Negative Mutant Strain of B. pasteurii ATCC 
11859 
The wild-type B. pasteurii was exposed to physical and chemical mutagens. The selected 
mutants will be used as control microorganisms for future research. 
2. Transformation of an Ampicillin-Resistant Plasmid Containing Urease (pBUll) into 
Urease-Negative B. pasteurii Mutants 
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pBU11 is a plasmid that consists of the B. pasteurii urease gene encoding for the urease 
gene cluster and part of pBR322 gene sequence. The plasmid was transformed into Esch-
erichia coli HB101 (Kim and Spizizen, 1985). The focus of this objective is to transform 
the pBU11 plasmid into the urease-negative mutants selected from Objective 1. This 
transformation is expected to restore the urease activity of the mutants to a level compar-
able to that of wild-type B. pasteurii. Accomplishment of this goal serves as a supplemen-
tal control and verification that urease is the enzyme responsible for the initiation of 
CaC03 precipitation. Furthermore, this experiment will also recognize the range of host, 
gram-positive or gram-negative, of the pBU11 plasmid. 
MATERIALS AND METHODS 
Development and Selection of Urease-Negative Mutants 
B. pasteurii 11859 was grown at 30°C in ATCC 1832 (BPU) medium containing 10 g 
trypticase, 5 g yeast extract, 4.5 g tricine, 5 g (NH4)2S04, 2 g glutamic acid, and 10 g urea 
liter-1 distilled water. The pH of the medium was adjusted to 8.6 with 2 N NaOH prior to 
filter sterilization. The cultures were exposed to one of two mutagens, ultraviolet (UV) light 
or N-methyl-N' -nitro-N-nitrosoguanidine (NG). The mutants were selected based on their 
inability to utilize urea as a nitrogen source. 
Preparation of Crude Extract 
Growth cultures of all mutants were incubated for 24 h at 30°C. Cells were harvested, 
washed twice with buffer containing 100 mM Na2HPOJNaH2P04 and 1 mM EDTA, pH 7.7. 
The cell pellets were frozen at -85°C until needed. The cell pellets were removed from the 
freezer and allowed to thaw in ice slurry, then prepared by sonication for 4 min. Following 
sonication, the crude extract was centrifuged at 40,000 x g for 20 min at 4 °C (Sorvall® RC26 
Plus). The supernatant was transferred to EDT A-rinsed vials for enzyme activity and protein 
concentration assays. 
Determination of Protein Concentration 
Protein concentration was determined using the Bradford (1976) method. A protein 
standard curve was created each day with concentrations of bovine serum albumin (BSA) 
ranging from 4-32 j.tg mr1• The Bio-Rad protein assay medium was added for color devel-
opment, and the absorbance was read at 595 nm. Any sample whose absorbance was higher 
than 0.8 was diluted and run through the protein assay a second time. 
Determination of Urease Activity 
The specific urease enzymatic activity was assayed following the method ofNatarajan 
(1995). A standard curve of~Cl ranging in concentration from 0.1-4.0 mM was run at the 
beginning of each day. Enzyme was assayed in a reaction mixture containing phosphate 
buffer (100 mM Na2HPOJNaH2P04 and 1 mM EDTA, pH 7.7), 660 mM urea, and varying 
concentrations of crude extract. Upon addition of the crude extract to the reaction mixture, 
the reaction was incubated for 5 min at 30°C. The reaction was stopped with 2 ml phenol-
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nitroprusside followed by 2 ml of sodium hypochlorite. The colorimetric reaction was in-
cubated for 10 min at 60°C, after which the absorbance was read on the UV-VIS spectrophot-
ometer at 626 nm (Beckman, Du® Series 600). Any sample whose absorbance was higher 
than 0.8 was diluted and run through the enzymatic and colorimetric reactions a second time. 
One unit of urease activity was defined as unit= ~-tmol urea hydrolyzed min-1• The specific 
activity of urease was expressed as unit (mg proteinf1 in the crude extract. 
Determination of Insoluble Ca2+ 
In addition to specific urease activity, CaC03 precipitation induced by each possible 
mutant was measured and compared to wild-type B. pasteurii. B. pasteurii mutant strains 
were grown in ATCC 1832 medium containing no urea (BP-U) for 24 h at 30° C with 
constant shaking and then harvested. The cell concentration was determined by a B. pasteurii 
growth Curve equation, y = 2.8 X 108 ( mr1)-x1·2783, Where y = number Of cellS mr1 and X = 
absorbance at 600 nm. 
The reaction mixture was prepared with 19.8 ml ofurea-CaCh medium (3 g nutrient 
broth, 20 g urea, 10 g ~Cl, 2.2 g NaHC031iter-1 distilled water, pH 6.0, autoclaved), to 
which B. pasteurii (5 x 107 cell mr1) was added. CaCh was added to the reaction mixture to 
a fmal concentration of 25.23 mM Ca2+. Addition of CaCh was noted as time zero of the 
reaction. After 24 h at 30°C and constant aeration, the reaction was stopped and the soluble 
and insoluble components of the mixture were separated by centrifugation. Concentration of 
insoluble Ca2+ ions in the reaction mixture was determined by an EDTA colorimetric titration 
(American Public Health Association, 1998). 
Extraction, Isolation and Recovery ofpBUll Plasmid 
This study used E. coli HB 101 (supE44 recA aral4 proA2 lacY I galK2) containing 
pBU11 and pBR322, respectively (You et al., 1995). Both plasmids encode for the ampicil-
lin-resistant gene. E. coli HB101 (pBU11) and HB101 (pBR322) were maintained in Luria-
Bertani (LB) broth containing ampicillin (100 11g mr1). The medium for E. coli HB101 
(pBU11) was supplemented with 50 ~-tM NiCh for urease activity. 
A modified Birnboim and Doly (1979) method was used for extraction of plasmid DNA. 
Agarose gel electrophoresis was used to isolate the plasmid. A 1-kb (1000 base pairs) DNA 
ladder and pBR322 plasmid purchased from ISC BioExpress® (Kaysville, UT) were used as 
electrophoresis controls. Following electrophoresis, the plasmid bands were immediately cut 
from the gel and stored in Tris-EDTA (TE) buffer. Recovery of the plasmid from the gel was 
accomplished by placing the gel that contained the plasmid into cellulose dialysis tubing and 
submerging the tubing in 0.5 x TE buffer in the submarine system (Maniatis et al., 1982). A 
constant current (75 V) was applied to the sample for 4 h to allow the plasmid to diffuse out 
of the gel. The poles were then reversed and the voltage was applied for two min to release 
any plasmid that may have adhered to the tubing. 
Transformation 
A transformation method using CaCh was employed (Mandel and Riga, 1970). E. coli B 
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was chosen as the gram-negative host to transform the pBUll and pBR322 plasmids. E. coli 
B was inoculated into two separate 100-ml LB broth media and incubated at 37°C with 
vigorous aeration until grown to a concentration of 5 x 107 cells mr1• The gram-positive B. 
pasteurii mutant (UV14) was inoculated in BP-U medium, incubated at 30°C with vigorous 
aeration, and allowed to grow to a concentration of5 x 107 cells mr1• 
The cultures were chilled on ice for 10 min prior to centrifugation at 4000 x g for 5 min 
at 4°C. The supernatant was discarded and the cells were resuspended in half the original 
culture volume of an ice-cold, sterile solution of 50 mM CaCh and 10 mM Tris-HCl, pH 8.0. 
The suspension was placed in an ice bath for 15 min followed by centrifugation at 4000 x g 
for 5 min at 4°C. After the supernatant was discarded, the pellet was resuspended in 1115 the 
original culture volume of the same buffer. Sterile, chilled microfuge tubes received 0.2 ml 
of the suspension and were stored at 4 oc for 16 h. 
Into the microfuge tubes 40 ng of plasmid dissolved in 100 ~1 Tris-EDTA (TE) buffer 
was added and incubated for 2 min at 42°C. One ml ofLB broth was added to each micro-
fuge tube containing E. coli Band incubated for 60 min at 37°C, while 1.0 ml ofBP-U broth 
was added to each tube containing B. pasteurii mutant and incubated for 60 min at 30°C 
(Mandel and Higa, 1970). 
E. coli cells were plated on LB-amp-Ni2+ and phenol-urease agar and incubated at 37°C 
to select for urease-producing, ampicillin-resistant E. coli B. The B. pasteurii cells were 
plated on BPU-amp and phenol-urease agar and incubated at 30°C to select for urease pro-
ducing, ampicillin-resistant B. pasteurii colonies. 
RESULTS AND DISCUSSION 
Development and Selection of Urease-Negative Mutants 
The following lists three different media used for selection of urease-negative B. pas-
teurii mutants after UV and NG treatments. 
1. BP-U (2x; 10 g tryptone-peptone, 5 g yeast extract, 4.5 g tricine, 5 g <NH4)2S04, 2 g 
glutamic acid, d-H20, 500 ml; adjust for final pH 8.6; filter sterilize) 
2. M9a (50 ml salt solution containing 7 g Na2HP04, 3 g K2HP04, 0.5 g NaCl, 4% 
glucose, 1% <NH4)2S04, 10 mM CaCh, 100 mM MgS04, 100 ml d-H20, final pH 
6.6-not adjusted) 
3. M9b (25 ml salt solution containing 7 g NaH2P04, 3 g K2HP04, 0.5 g NaCh, 4% 
glucose, 1% <NH4)2S04, 0.1 M CaCh, 1M MgS04, 100 ml d-H20) 
BP-U is a BPU medium from which the urea has been removed. M9a and M9b are M9 
minimal media modified for confirmation that the urease-negative mutants utilize an alternat-
ive nitrogen source to urea. In addition, maintenance of the selected mutants on a specific 
medium decreases the possibility of mutant strains reverting to the wild-type strain. Seven 
possible urease-negative mutants were selected from the aforementioned media. All seven of 
the urease-negative mutant strains were selected in the BP-U medium. The strains selected in 
the M9a medium were 2NG5, 2NG23, UV6, UV9, UV14, and UV27. Only one mutant 
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strain, UV27, was selected from the M9b medium. All mutants are currently maintained on 
BP-U medium. However, efforts to develop specific media for maintenance of the urease-
negative mutant strains are being made in the laboratory. 
The urease-negative mutants were analyzed for specific urease activity and CaC03 pre-
cipitation. Table 1 summarizes the specific urease activity and CaC03 precipitation of the 
selected mutants in BP-U and urea-CaCh media, respectively, and compared with those of 
the wild-type B. pasteurii. The selected mutants exhibited considerable decreases in specific 
urease activity as well as CaC03 precipitation compared to the wild-type strain. In detail, the 
mutants grown in BP-U medium expressed less than 2.2% of the specific urease activity 
expressed by the wild-type strain grown in BPU medium. Wild-type B. pasteurii induced 
99.2% ofCaC03 precipitation from the available Ca2+ in the urea-CaCh medium. All mut-
ants tested induced precipitation of less than 5.8% of the Ca2+ available in the urea-CaCh 
medium except 2NG5, which induced precipitation of 67.0% of Ca2+ available. 
Table 1. CaC03 precipitation and specific urease activity from selected mutants and wild-
type of B. pasteurii. 
Mutant Identification 
2NG3 
2NG5 
2NG23 
UV6 
UV9 
UV14 
UV27 
Wild-type 
CaC03 Precipitation 
(mM insoluble Ca2l 
Urea-CaCh medium 
1.14 
17.27 
0.59 
0.57 
0.57 
0.00 
1.44 
25.03 
Specific Urease Activity 
(Unit urease mg -l protein) 
BP-Umedium 
0.85 
3.28 
0.11 
1.30 
0.67 
8.58 
2.27 
68.86 (398.20)* 
*Specific urease activity of wild-type B. pasteurii in BPU medium. 
It is hypothesized that the mutants whose specific activities and CaC03 precipitation 
values are negligible compared to those of the wild-type strain have at least one of the struc-
tural genes mutated, rendering the bacterium incapable of expressing urease activity. The 
mutants that showed some urease activities appeared to have mutated in a gene or genes 
other than a structural gene, possibly disrupting urea and nickel transport or nickel assembly 
in the enzyme. As a result, the cell's ability to express urease was diminished. Further confir-
mation of urease mutation will be made by transforming the urease-containing plasmid 
(pBU11) into the mutants. Restoring the mutant's ability to express specific urease activity 
and induce CaC03 precipitation will confirm that the urease gene has been mutated. 
Extraction, Isolation, Recovery and Transformation of pBUll Plasmid 
Following electrophoresis, positive plasmid extraction from the host cell culture was 
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confirmed by comparing the sample bands in the agarose gel to the control bands (pBR322 
and molecular weight ladder). Although several ampicillin-resistant E. coli colonies were sel-
ected following chemical transformation, none of them were positive for urease production. 
Transformants positive for ampicillin-resistant selection indicate successful recovery of the 
pBR322 plasmid from the agarose gel. However, absence of any urease-producing, ampicil-
lin-resistant transformants suggests possible difficulties in the isolation, purification, or trans-
formation procedures. At this writing, selection of B. pasteurii transformants has been unsuc-
cessful in our laboratory. 
CONCLUSIONS 
The results of the specific urease activity and CaC03 precipitation analyses confirm that 
exposure to the mutagens has affected the ability of the microorganism to express urease 
effectively. These mutants support evidence that the urease gene is directly responsible for 
the hydrolysis of urea and ultimately CaC03 precipitation in a specific reaction medium. 
These mutants are expected to play an important role in our future study dealing with molec-
ular aspects of MECR. 
Gram-positive microbes have approximately 40 layers of peptidoglycan in the cell wall 
compared to 2-3layers found in a gram-negative cell. To overcome the physical barrier 
associated with gram-positive species, an electroporator (Bio-Rad Micropulser) is being em-
ployed for the transformation in addition to the chemical transformation method. Several 
transformation methods are being tested currently in our laboratory to develop recombinant 
B. pasteurii. 
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Recovery of enzyme byproducts during 
recombinant protein recovery from transgenic plants 
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Recent use of transgenic plants as an alternative protein expression system offers the poten-
tial to recover native plant enzymes as byproducts from recombinant protein purification 
processes. Due to the nature of the native proteins, canola and com are suitable hosts for 
acidic recombinant proteins, and soybean for the basic ones. Ion-exchange chromatography 
and polyelectrolyte precipitation as established techniques in recombinant protein down-
stream processing were applied to non-transgenic plant extracts to assess the feasibility of 
enzyme byproduct recovery. Cation exchange chromatography of canola and soy extracts 
completely recovered the native a-galactosidase and urease activities in the extract. a-Gal-
actosidase and f3-glucosidase activities were fully recovered in anion exchange chromatog-
raphy of com germ proteins with enrichment factors of about 3. Simple anion exchange 
chromatography for canola extracts recovered a-galactosidase activity with 59% yield and 11 
times enrichment. Polyelectrolyte precipitation using polyethyleneimine at a dosage of38 
mg/g total protein recovered 47% of a-galactosidase from canola with an enrichment factor 
of about 3. Several recommendations on the use of the byproduct fractions are proposed. 
Additional processing of byproduct fractions to concentrate form is economically feasible. 
Introduction 
Recent advances in recombinant DNA technology have enabled the use of plants as bio-
reactors to produce novel proteins for industrial and pharmaceutical applications [1-4]. Using 
plants as an alternative expression host is promising, as they offer advantages over traditional 
microbial systems such as low production cost, ease of scale-up, availability of natural stor-
age organs, and ability to perform complex post-translational modifications [1,5]. 
Canola, com, and soy have been studied as potential hosts for expressing recombinant 
proteins [ 6-8]. In the subsequent downstream processing to recover them, native plant 
proteins are separated from the extract into many fractions, which are generally regarded as 
waste. To our knowledge, there have been no reports on the use of the waste fractions gen-
erated, although they would be readily available and potentially contain valuable enzymes. 
Enzymes are ubiquitous in plants, as they regulate the physiological changes during rip-
ening processes [9]. Recovery and purification studies on canola, com, and soy have reported 
a-galactosidase, f3-glucosidase, urease, and peroxidase activities [10-13], which have wide-
spread applications in the dairy, brewery, milling, starch processing, and leather processing 
industries [14-16]. 
Many purification schemes could be invoked for the range of recombinant proteins that 
might be expressed from plants. Canola possesses native proteins with mostly basic character 
[17], thus making it a good host for acidic recombinant proteins such as f3-glucuronidase 
[18]. Similarly, soybean, whose native proteins are acidic in nature [19], is a good host for 
basic recombinant proteins such as T4-lysozyme [20]. Although native com proteins vary 
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considerably in their solubility behavior [21 ], commercial production of recombinant ~-gluc­
uronidase (an acidic protein) in com germ has been a success [22]. 
To assess native protein byproduct recovery, we looked to the classes of separation meth-
ods reported to be well-matched to these particular hosts. Model recombinant proteins such 
as ~-glucuronidase and T 4 lysozyme have been successfully recovered and purified from 
canola, com, and soy extracts using various precipitation and chromatographic techniques. 
Zaman et al. [23] showed that selective precipitation of positively charged T4lysozyme 
from canola extract can be achieved by adding the anionic polye1ectrolytes Glass H or poly-
acrylic acid. For recovery of negatively charged E. coli ~-glucuronidase added to canola, 
com, and soy extracts by polyelectrolyte precipitation (using positively charged polyethyl-
eneimine ), Menkhaus et al. [24] concluded that the highest recovery and purification was 
achieved from the canola extract. 
Zhang et al. [18,20] used cation and anion exchange chromatography to purify T4lyso-
zyme and (3-glucuronidase and their charge mutants from canola extracts. Similar work on 
soy extracts showed that by genetic engineering mutation, the elution ofT 4 lysozyme can be 
targeted to a site free of native soy proteins, thus providing improved separation [25]. 
Kusnadi eta/. [22] achieved 900-fold purification of recombinant (3-glucuronidase from 
com germ extract via a series of purification steps, including adsorption with anion exchange 
resin (DEAE), hydrophobic interaction chromatography, anion exchange chromatography, 
and size exclusion chromatography. 
In the present work we assessed the feasibility of recovering native enzymes from poten-
tial byproduct streams inherent to early purification steps for plant recombinant proteins. 
This was achieved by applying successful purification techniques for recombinant proteins to 
native canola, com, and soy extracts, identifying fractions enriched in the native enzymes, as 
well as quantifying the recovery and purification of the enzymes. Profitability of the byprod-
uct recovery process is also estimated with computer-aided process simulator. 
Materials and methods 
Canola, com, and soy extracts 
The starting nontransgenic plant materials were full-fat canola flakes (provided by 
ProdiGene, College Station, TX), defatted soy flakes, and full-fat, ground com germ fraction 
from dry milling (both provided by the Center for Crops Utilization Research, Ames, IA). 
The com germ and canola flakes were defatted by a two-stage oil extraction at 4 oc. The plant 
seeds were mixed with cold hexane in 1:20 (w/v) ratio, stirred for 30 min with an air-driven 
stirrer, and allowed to settle. After decanting, the extraction stage was repeated, the hexane 
was decanted, and the seeds were dried overnight inside a hood at room temperature. 
All protein extractions from the dried, defatted material were done with 50 mM sodium 
phosphate buffer, pH 7.0, except for com germ, which was extracted at pH 7.5. Seeds were 
mixed with extraction buffer at 1:10 (w/v) ratio and stirred with magnetic stirrer, while the 
extraction pH was maintained by adding small amounts ofNaOH or HCl. The slurry was 
then centrifuged using a Sorvall® RC-5B superspeed centrifuge with SM-24 rotor (DuPont 
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Instruments, Wilmington, DE) at 28,000 g and 4 °C, for 40 min. The supernatant was filtered 
successively with f.!Star® 0.45-mm and 0.22-mm cellulose acetate syringe filters (Coming, 
Cambridge, MA) to yield the plant extract. Fresh extracts were prepared for all chromatog-
raphic and precipitation runs. 
Liquid chromatography 
Chromatographic runs were done using a BioLogic FPLC system and 1 0-cm x 1-cm i.d. 
Econo-Columns with a 14-cm flow adaptor (Bio-Rad, Hercules, CA). Columns were packed 
to the 7-cm level with ion exchange resins (Sigma-Aldrich, St. Louis, MO). Plant extracts 
were loaded onto the columns, which had been equilibrated with low-salt buffer (Buffer A). 
After washing with Buffer A, gradient elution was done from 0 to 100% high-salt buffer 
(Buffer B), while fractions were collected in 10-ml test tubes. All flow rates were 1.0 mllmin. 
Polyethyleneimine (PEl) precipitation 
Deionized water was used to dilute canola extract to 1.0 mg/ml of total protein content 
and PEl with number average MW of 60,000 (Sigma-Aldrich) in 50 % (w/v) solution to 0.5 
mg PEl/mi. Both solutions were adjusted to pH 7.0 by adding small amounts ofNaOH or 
HCI. Deionized water and PEl solution of varying volumes were added to 800 f.!L of canola 
extract to a total volume of 1.2 ml, resulting in PEl dosages ranging from 0 to 100 mg PEI/g 
protein. The mixture was held in 1.5-ml microcentrifuge tubes, vortexed for 3 to 5 s (Fisher 
Vortex Genie 2™), and allowed to settle for 1 h before centrifugation (Fisher Marathon 16 
km microcentrifuge) at 15,000 rpm for 30 min at· room temperature. After decanting the 
supernatant, the pellet was rinsed with 1.0 ml of deionized water and redissolved by adding 
1.0 ml2.5 M NaCl and vortexing. 
Recovery and enrichment factor 
To assess the extent of enzyme purification, the following variables are defmed: 
R Total activity in the analyzed fraction (units) ecovery = -----=------=-------'---'-
Total activity in the original extract (units) 
E . 
hm s:. Specific activity in the analyzed fraction (units/g total protein) 
nne ent 1.actor = -=------=------=-----_;_--=----='-----'-
Specific activity in the original extract (units/g total protein) 
Extract components interfering with the enzyme activity may be removed during purific-
ation. This could lead to activity-based recoveries exceeding 100%. The maximal value for 
enrichment factor depends on the initial purity of the extract. For example, an initial!% pur-
ity gives a maximal value of 100 for the enrichment factor, whereas an initial 50% purity 
would have a maximal enrichment factor of 2. 
Results and discussion 
Canola, com, and soy extracts were screened for eleven enzyme activities: alcohol dehy-
drogenase, alkaline phosphatase, a-amylase, esterase, a-galactosidase, ~-galactosidase, ~­
glucosidase, lipase, lipoxygenase, peroxidase, and urease. Combining this data (in activity 
units/g seed) with crude estimates of relative values (taken as the price in the Sigma catalog 
for the same enzymatic activity in $/Unit activity), we determined the contribution of each 
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enzyme (in $/g seed) to the cumulative enzyme seed value. Only three enzyme activities (a-
galactosidase, ~-glucosidase, urease) were detected at levels consistently within the 
sensitivity of their respective assays. Their activities are summarized in Table 1. 
Enzyme activities are reported in units/ml extract, with the ± indicating the ranges for 
95% confidence intervals and the blank cells indicating nondetectable enzyme activity. 
Enzyme values from Sigma catalog (in $/1000 units) are 3.35, 9.81, and 0.43 for a-galac-
tosidase, ~-glucosidase, and urease, respectively. The price/unit for a-galactosidase here may 
be overestimated due to limited supplier availability, resulting in a disproportionate compar-
ison with the other enzymes. 
Combining the results of Table 1 and the successful protein purification techniques dis-
cussed in the introduction, the set of schemes for the feasibility study of enzyme byproducts 
of Table 2 were chosen. 
Anion exchange chromatography on canota 
Figure 1 shows the elution profile of canola proteins from a Q-Sepharose column, super-
imposed on a-galactosidase activity in the corresponding fractions. Of 590 units of activity 
in the original extract, 59% was recovered from the elution peak at 316 min (conductivity = 
0.5 mS/cm) with the highest activity of 8.65 units/mi. Comparison of specific activity (in 
Units/g total protein) of this peak with the original extract gives an enrichment factor of 11. 
In the same anion exchange chromatography setting with transgenic canola, Zhang eta/. 
[18] found that wild-type 13-glucuronidase (an acidic recombinant protein) and its genetically 
engineered mutants elute much further in the elution profile, i.e. at 0.75 to 1.2 mS/cm. A sim-
ilar result was reported by Bai et a/. [26] in the purification of 13-glucuronidase using expand-
ed bed chromatography. The difference in retention behavior between 13-glucuronidase and 
a-galactosidase presents an opportunity for recovering both enzymes in a single chromatog-
raphy run. Thus, a purification process of ~-glucuronidase from transgenic canola can be 
coupled with a byproduct recovery process, with fractions enriched in a-galactosidase as the 
starting material. This idea can also be generalized to other acidic recombinant proteins with 
retention behavior like that of 13-glucuronidase. 
Two replicates were done for the canola/ AEC scheme. Variability was present in many 
process parameters (protein content, activity in extract and fractions), but for the final values 
of recovery and enrichment factor, the difference between the two was less then 10% of the 
mean. The data presented here was obtained from a representative run. 
Cation xxchange chromatography on canota and soy 
CM -Sephadex cation exchange chromatography of canola proteins results in the profile 
shown in Figure 2. Although some a-galactosidase activity shows up in the elution, the re-
covery from the wash peak alone is 158%, with an enrichment factor of3.4. More than 100% 
recovery suggests that a-galactosidase is more active once fractionated from the extract. It is 
likely that the canola extract in its entirety contains species that act as inhibitors to a-galacto-
sidase, thus resulting in an apparent lower activity in the extract. Enrichment in this case is 
also achieved because bound proteins were separated from the wash, which accounts for 46% 
of total protein loaded into the column. Not shown in Figure 2 is the column regeneration, in 
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which more bound proteins are removed from the column. 
Consistent with the previous result obtained from can olaf AEC scheme, at neutral pH a-
galactosidase is negatively charged and thus flowed through in the wash. Hence, in the puri-
fication of basic recombinant proteins from canola where the primary protein is recovered in 
the elution, the wash fractions enriched in a-galactosidase would be available as good 
starting material for an enzyme byproduct recovery process. An example is the purification 
of recombinant T4lysozyme from canola [20]. 
A similar situation is observed in cation exchange chromatography of soy proteins shown 
in Figure 3, where 105% of urease activity is recovered from the wash peak with an enrich-
ment factor of 1.0 (no enrichment). a-Galactosidase was also completely recovered from this 
wash peak with no enrichment (not shown on the figure). 
From the examples of canola and soy, it is apparent that activity of a potential byproduct 
enzyme can be completely recovered in the wash I flow through. However, since most of the 
total protein also remains in the wash, little purification is achieved, as indicated by low en-
richment factors. Even so, an economically viable enzyme byproduct could warrant coupling 
the main recombinant protein purification process with a secondary byproduct recovery 
process, using the wash fractions as starting material. In this case, the cost of raw material for 
the secondary process is zero. Another alternative is to use the wash fractions directly for a 
relatively crude enzyme preparation, which is a common practice for commercial plant 
enzymes [14]. The unpurified enzyme fractions can be easily concentrated, freeze-dried, and 
sold as byproduct. However, this approach would only beneficial if the activity level is high 
enough to tolerate the introduction of unwanted impurities. 
Anion exchange chromatography on com 
Figure 4 shows a profile ofDEAE-Sepharose anion exchange chromatography of com 
germ proteins. With an enrichment factor of 3.0, a-galactosidase activity was completely 
recovered (102%) from the wash, accounting for 34% of total protein loaded into the column. 
Similar results were obtained for (3-glucosidase, with 108% recovery and an enrichment of 
3.2 (not shown on the figure). 
The limited enrichment of native enzymes in this case exemplifies the challenge of en-
zyme byproduct recovery in recombinant protein purification. Since the choice of plant host 
and purification methods are made to accommodate purification of the recombinant protein, 
the native plant proteins possessing opposite characteristics with respect to the method 
chosen will tend to accumulate as a whole rather than being further fractionated, as evident in 
the wash fraction here. In the case of ion-exchange separation, a potential solution is to 
achieve fractionation of the native enzymes in the wash by passing it through a second, com-
plementary column. 
PEl precipitation 
Figure 5 shows the precipitation and recovery profiles of a-galactosidase and total canola 
protein, with recovery evaluated relative to the original canola extract (1 mg/ml total pro-
tein). With increasing PEl dosage, more and more total protein is precipitated from the super-
natant until it reaches a maximum at around PEl dosage of 90 mg/g total protein, correspond-
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ing to 25% precipitation of total canola protein. Similar results have been observed by Menk-
haus eta!. [24] in the selective precipitation studies of (3-glucuronidase from canola. 
a-Galactosidase is precipitated more readily than most native canola proteins. At PEl 
dosage around 30 mg/g total protein, the percent activity precipitated reaches a plateau of 
about 90%, while the percent total protein precipitation is still at around 17%, enriching a-
galactosidase in the solid phase. 
Although the precipitation profile suggests that most of the enzyme activity precipitates 
out at low PEl dosages, not all of it can be recovered from the pellet. Recovery of a-galac-
tosidase activity (by increase ofNaCl concentration to 2.5 M) rises to a maximum (47%) at 
PEl dosage of38 mg/g total protein while the highest enrichment factor (3.7) is achieved at 
25 mg PEI!g total protein. 
Menkhaus eta!. [24] found that recovery and enrichment factor of recombinant protein (3-
glucuronidase from canola are highest at a PEl dosage of around 30 mg PEI!g total protein, 
similar to the optimal dosage for a-galactosidase as presented here. This similarity makes it 
difficult to couple the two purification processes, because a-galactosidase would precipitate 
together with (3-glucuronidase. Opportunities for further separation exist, however, as poly-
electrolyte precipitation is usually employed as an early purification step preceeding column 
chromatography. Also, if a recombinant protein from canola precipitates at a higher PEl 
dosage, incremental precipitation could be performed, with a-galactosidase being recovered 
from the first precipitation at low dosage and the supernatant used as the starting material for 
the second, recombinant protein precipitation at a higher PEl dosage. 
Profitability analysis of byproduct recovery process 
The opportunities for enzyme byproduct recovery will depend on the economic feasibility 
of concentrating the dilute byproduct streams. As a start, we look at the identified enzyme 
byproduct fractions from liquid chromatography to see whether they would tum profit if sold 
as bulk enzyme powder. 
A simple two-step batch process was designed with the aid of process simulator SuperPro 
Designer 3.1 (Intelligen, Scotch Plains, NJ). Enzyme byproduct fraction as the feed is con-
centrated 10 times via ultrafiltration over 12 h, with the rejection coefficient assumed to be 
1.0 for the enzyme. The resulting concentrate from the ultrafiltration step is then freeze-dried 
over 12 h to give a 99.0% water-free lyophilized powder. 
The byproduct recovery process described above is assumed to be part of a larger process 
for purifying recombinant protein from plant. According to the example of (3-glucuronidase 
purification from com by Evangelista eta!. [27], the starting material of the larger process is 
assumed to be 10,000 lb ( 4,545 kg) of seed per batch, with the number of batches/year being 
3 83. If 1: 10 solid to liquid ratio is used in the extraction step and each ml of extract results in 
5 ml of enzyme byproduct fraction from the liquid chromatography step; the feed batch size 
for the concentration I lyophilization process above is calculated as 227,250 kg. 
Based on the default cost estimates in SuperPro Designer, operating costs were calculated 
as $28,500 per batch. The total operating cost is to be compared with the revenue generated 
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by selling the lyophilized powder as crude enzyme preparation. The byproduct revenue/batch 
was calculated for the cases of canola (a-galactosidase), soy (urease), and com ((3-glucosid-
ase) using selling prices of 1% and 10% of the price as a specialty chemical (Sigma). The 
results are summarized in Table 3. 
At the higher price, a-galactosidase from canola and urease from soy would be profitable 
byproducts, while (3-glucosidase recovery from com would not cover the operating cost. At 
the lower price, only a-galactosidase from canola would still be profitable (profit margin of 
58%). These rough estimates depend greatly on the selling price of the bulk enzyme, which 
may require a niche market. Nevertheless, this first take on economic feasibility studies 
indicates that enzyme byproduct recovery indeed could be feasible. 
Conclusions 
The recovery schemes performed in this work represent a broad set of strategies for nat-
ive enzyme recovery in recombinant protein purification. In purification of basic recombinant 
proteins from soybean using cation exchange chromatography, a-galactosidase and urease 
can be completely recovered in the wash, albeit with no purification. This wash fraction, 
which otherwise would be waste, can serve either as a starting material for a secondary proc-
ess for purifying native plant enzymes, or as crude enzyme preparation upon concentration 
and lyophilization. A similar result occurred in anion exchange chromatography of com germ 
proteins, simulating purification of acidic recombinant proteins. From the wash fraction, a-
galactosidase and (3-glucosidase can be completely recovered with a threefold enrichment. 
a-Galactosidase from canola is recovered in the wash fraction with threefold enrichment 
in the case of cation-exchange chromatography, but can be enriched tenfold in anion ex-
change chromatography. Precipitation of a-galactosidase from canola protein using a poly-
cationic precipitant is an analog to anion exchange and achieved threefold enrichment. This 
would provide an opportunity for byproduct recovery if coupled with a recombinant protein 
precipitating in a different range of polyelectrolyte dosage. 
The profitability analysis presented in this work suggests that enzyme byproduct recovery 
from recombinant protein purification is a lucrative enterprise worth pursuing further. Market 
research to obtain better estimates of enzyme selling prices is recommended to get a more 
reliable assessment. 
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Table 1. Major enzymatic activities found in cano1a, com, and soy extracts. 
Enzyme activity 
a-galactosidase 
~-glucosidase 
Urease 
(Units/ml) 
($/kg dry solid) 
(Units/ml) 
($/kg dry solid) 
(Units/ml) 
($/kg dry solid) 
Canola 
149 :I: 3.0% 
4,976 
Com 
58.9 :I: 1.0% 
1,973 
3.67 X 10-z :I: 4.2% 
3.60 
Table 2. Promising schemes for enzyme byproduct research on three major crops 
Soy 
265 ± 1.5% 
8,891 
45.4 ± 1.3% 
194 
Plant Purification technique(s) Potential enzyme byproducts 
Com 
Soy 
Canola 
Anion exchange chromatography 
Cation exchange chromatography 
PEl precipitation 
Cation exchange chromatography 
Anion exchange chromatography 
a-galactosidase 
~-glucosidase 
a-galactosidase 
Urease 
a-galactosidase 
Table 3. Revenue calculation for enzyme byproducts from liquid chromatography. The batch size is calculated 
as 227,250 kg or 2.27 x 108 ml (feed density is assumed to be 1.0 g/ml). Revenue/batch is compared with 
operating cost of $28,500/batch. 
Enzyme 
Byproduct fraction 
Enzyme activity 
Sigma catalog price/ 1000 units 
Revenue/batch (10% of catalog price) 
Revenue/batch ( 1% of catalog price) 
Canol a 
a-galactosidase 
Peak att = 316 min 
8.65 units/ml 
$3.35 
$685,800 
$68,600 
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Soy 
urease 
Wash fraction 
11.9 units/ml 
$0.43 
$ 116,400 
$ 11,600 
Com 
~-glucosidase 
Wash fraction 
8.7 x 10-3 units/ml 
$9.81 
$ 1,900 
$ 194 
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Abstract 
Determination of the Biomass Composition of 
Hairy Roots of Catharanthus roseus 
Omar Gonzalez Rivera, Ganesh Sriram, and Jacqueline V. Shanks 
Department of Chemical Engineering 
Iowa State University, Ames, lA 50011 
Metabolic flux analysis is the process of evaluating metabolic fluxes (rates of intracell-
ular biochemical reactions) in an organism. It plays a key role in metabolic engineering. 
Information about biomass composition of the cell is crucial in metabolic flux analysis. In 
this work, we report the elemental make-up and the biomass composition of Catharanthus 
roseus hairy roots. C. roseus is an important metabolic engineering target, for both pharma-
ceutical and agricultural reasons, and metabolic flux analysis is expected to play a pivotal 
role in this process. Our results indicate that the protein, lipid, and starch percentages are 
3.9%, 2.6%, and 3.1% of the dry weight, respectively. The individual proportions of the pro-
teinogenic amino acids in the protein, have also been reported, the highest proportions being 
those of glutamate-glutamine (18.93%) and glycine (15.09%). In addition, we also optimized 
the time of hydrolysis (20 min with 6N HCl at 150°C) and verified the significance of nitro-
gen flushing and oxygen evacuation during the protein hydrolysis procedure. 
Introduction 
Metabolic engineering is the science of rational modification of organisms to confer im-
proved, beneficial properties to them, and the development of analysis tools to measure the 
altered properties. Metabolic flux analysis (MFA), which involves the quantification of meta-
bolic fluxes (biochemical reaction rates) in a living system, is a powerful diagnostic tool in 
metabolic engineering (Stephanopoulos et al., 1998). Information about biomass composition 
of the cell is crucial in metabolic flux analysis. 
Catharanthus roseus is a valuable source of indole alkaloids, some of which possess 
therapeutic properties, e.g. vindoline and vinblastine (anti-neoplastic) and serpentine and 
ajmalicine (anti-hypertension) (Bhadra and Shanks, 1997). Hairy root cultures of the plant-
generated through Agrobacterium infection - are biochemically and genetically stable model 
systems (Shanks and Bhadra, 1997). This makes the indole alkaloid production pathway in C. 
roseus an important metabolic engineering target. Additionally, since C. roseus is an exten-
sively studied plant system, metabolic engineering of this plant around the tryptophan pro-
duction pathway may help develop model plants with higher levels of tryptophan, an essen-
tial amino acid. Therefore, metabolic engineering of C. roseus hairy roots is significant, both 
for pharmaceutical and agricultural reasons, and metabolic flux analysis is expected to play a 
crucial role in this process. The determination of the biomass composition of C. roseus hairy 
roots is consequently highly imperative. 
Certain basic information related to biomass composition is available in the literature. For 
example, K wok and Doran ( 1995) reported the elemental composition of some hairy roots 
(other than C. roseus). Poorter and Villar (1997) listed the proportions of polymers constit-
uting biomass in various organs of intact plants. Similarly, the proportions of protein, lipids, 
and glucose polymers in soybean seeds has been reported by Boydak et al. (2002). However, 
65 
no information on the biomass composition (elemental constituents or polymer proportions) 
is available in the literature, to the authors' knowledge. Also, no studies have been done to 
quantify the proportions ofproteinogenic amino acids in any type of plant system. The objec-
tive of this study, was therefore to quantify the aforementioned in C. roseus hairy roots. 
The biomass of C. roseus can be categorized into five main cellular polymeric groups: 
proteins, lipids, sugars, nucleotides, and aromatics. Each of these is composed of more 
elementary compounds: amino acids, fatty acids, starch/glucose polymers, and nucleic acids. 
We determined the percentages of protein, lipids, glucose polymers, and proteinogenic amino 
acids for hairy roots that were 21 and 28 days old and cultured at 26°C, using different meth-
ods of extraction and hydrolysis. We also determined the elemental constitution of the hairy 
roots. Additionally, in this work, we optimized the extraction and processing procedures for 
some biomass components (protein hydrolysis and starch extraction). 
Materials and Methods 
Hairy root culture. C. roseus LBE-6-1 hairy roots were cultured at 26°C per procedures out-
lined earlier (Bhadra and Shanks, 1997). After the stipulated growth period (21 and 28 days), 
cultures were weighed, freeze-dried for 72 h, and weighed again. They were then ground for 
stored for extraction and analysis of biomass components. 
Elemental composition. Elemental composition of the hairy roots was determined by com-
bustion in a CHN analyzer (LECO). The percentages of carbon, hydrogen, and nitrogen were 
directly determined by the analyzer through off-gas analysis. The percentage of oxygen was 
determined by subtraction, assuming an approximate ash content of 15%. 
Protein extraction. Protein was extracted by washing freeze-dried and ground hairy roots in 
phosphate buffer (pH 7.2) at 8°C for 15 min. The washes were repeated four times, and the 
consolidated supernatant was assayed for protein using standard Bradford and Lowry tests. 
Protein hydrolysis. Protein hydrolysis was performed in hydrolysis tubes (Pierce Endogen), 
which are pressure-resistant test tubes provided with an arm that enables evacuation. To per-
form hydrolysis, 6N hydrochloric acid was added to protein in the ratio 1 mL 6N HCl: 400 
11g protein in a hydrolysis tube. The hydrolysis tube was then evacuated of air, flushed with 
nitrogen (to remove any residual oxygen), and evacuated again. The effect of nitrogen flush-
ing to evacuate residual oxygen is examined in Results and Discussion. The tube was then 
placed in a hot block at 150°C for different amounts of time. Optimization of hydrolysis time 
is discussed in Results and Discussion. The acid in the hydrolyzate was evaporated in a Rap-
idvap evaporator (Labconco ). The residue was reconstituted in 2 mL deionized water and 
freeze-dried for 72 h. This was then reconstituted in deionized water and subsequently anal-
yzed for amino acids using HPLC. 
Starch and glucose polymer extraction. Two methods for extraction of starch and glucose 
polymers were examined for their efficiency. In one method, freeze-dried ground hairy roots 
were suspended in 1 mL phosphate buffer (pH 7.2) at 90°C for 12 h. In another, freeze-dried 
ground hairy roots were washed three times in 1 mL ethanol at 60°C for 20 min. In both 
cases, the supernatant contained the starch and was hydrolyzed and quantified as glucose. 
Lipid extraction. Lipids were extracted by washing freeze-dried, ground hairy roots with 
hexane in the ratio 18.4 mg roots: I mL hexane. Washes occurred five times at 45°C for 1 h 
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each. The supernatant contained the extracted lipids, which were quantified by weighing. 
Results and Discussion 
Protein hydrolysis optimization. We optimized two parameters related to protein hydroly-
sis: the hydrolysis time and the introduction of nitrogen flushing to completely expel oxygen 
from the hydrolysis tube. Figure 1 shows a plot of residual protein concentration vs. time of 
hydrolysis for bovine serum albumin (BSA), a standard protein. Hydrolysis is complete with-
in 20 min, and any hydrolysis time above this would assuredly hydrolyze all protein. From 
Figure 2, it can be observed that 2 h and 3 h hydrolysis experiments gave the same results. 
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Figure 1: Protein hydrolysis kinetics for BSA. 
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Figure 2: Amino acid analysis ofBSA hydrolyzate, obtained by the outlined hydrolysis 
method, without nitrogen flushing and oxygen evacuation. Hashed bars indicate the pub-
lished amino acid composition ofBSA (theoretical), the other two types of bars indicate the 
results obtained in this work (experimental): filled bars denoting a 2-h hydrolysis experiment, 
and hollow bars denoting a 3-h hydrolysis experiment. 
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We found it necessary to completely evacuate oxygen from the hydrolysis tube by nitro-
gen flushing and evacuation. This was necessary to prevent methionine and tyrosine oxidat-
ion during hydrolysis. Figure 2 depicts the results of a hydrolysis performed without oxygen 
evacuation. Methionine and tyrosine are conspicuously absent. Figure 3 shows the results of 
a hydrolysis performed after flushing nitrogen into the hydrolysis tube and evacuating before 
hydrolysis. It can be seen that methionine and tyrosine are recovered in this case. 
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Figure 3: Amino acid analysis of BSA hydrolysate, obtained by the outlined hydrolysis 
method, with nitrogen flushing and oxygen evacuation. Hashed bars indicate the published 
amino acid composition of BSA (theoretical), and filled bars denote results obtained in this 
work (experimental). 
Starch and glucose polymer extraction. We examined two different methods of starch and 
glucose polymer extraction, as mentioned in Materials and Methods, for their efficiency. The 
two methods were based on phosphate buffer extraction and ethanol extraction, respectively. 
Figure 4 shows the amount of glucose polymers extracted (as percentage of total biomass), 
for the two methods. It is evident that the ethanol-based method is a more efficient method. 
This could possibly be due to a better partition coefficient achieved with ethanol. 
Biomass composition. We obtained the elemental composition of C. roseus hairy roots in 
terms of carbon, nitrogen, oxygen and hydrogen content, and converted this into the 
molecular formula Ct2H22.6&No.3907.I· The percentages of various polymeric biomass 
constituents is shown in Table 1. The lipid content can be seen to have increased between the 
two growth phases, while the starch/glucose polymer content can be seen to have reduced. 
This could possibly be due to increased lipid metabolism and depletion of storage 
carbohydrates during the stationary phase of growth. Figure 5 depicts the proportions of 
proteinogenic amino acids in hairy roots 21 and 28 days old. It is clear that the composition 
of the amino acids is constant during this period. To a partial extent, this result validates the 
pseudo-steady state hypothesis used in metabolic flux analysis. 
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Figure 4: Comparison of methods for extraction of starch and glucose polymers. Hollow bar: 
extraction with phosphate buffer (pH 7.2); filled bar: extraction with ethanol. 
l Culture period 21 days. 28 days! 
jBiomass formula Ct2H22.6sNo.3907.I I 
]Starch/soluble CHs i 5.71 2.1 i fLii>id-;------···-------- -: --------i~6;·--- -- --·--8~9: 
!Soluble Protein 3.4; 2.91 
Table 1: Polymeric biomass constituents of C. roseus hairy roots, as determined in this work. 
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Figure 5: Proteinogenic amino acid proportions in C. roseus hairy roots. Hollow bars: 21-
day-old roots; filled bars: 28-day-old roots. 
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Summary and future work 
In this work we took the first steps in investigating the elemental constitution and bio-
mass composition of C. roseus hairy roots. We have found the elemental formula of the roots 
to be C12H22.6sNo.3907.1· The proportions of protein, lipids and glucose polymers in the bio-
mass have been reported at two different growth stages (21 and 28 days). The proportions of 
proteinogenic amino acids have also been reported at these two growth stages. 
As mentioned in Introduction, the biomass composition information is crucial to metabol-
ic flux analysis of C. roseus hairy roots. Figure 6 depicts a metabolic flux map template for 
C. roseus. The contribution of metabolic precursors to biomass is indicated on this map. The 
evaluation of these fluxes was solely possible due to information on the biomass composit-
ion. Our future papers will focus on the metabolic flux map and metabolic results inferred 
from the same. 
In addition, we have contributed to the optimization of the protein hydrolysis procedure 
with respect to hydrolysis time, and oxygen evacuation. 
Work on determining other polymeric constituents of biomass, such as cellulose, lignin, 
and hemicellulose is underway in our laboratory and will be reported in future papers. 
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Modification of environmental variables to understand transformation of 
xenobiotics on root surface: Impact of altering variables on 
phytotransformation processes 
Abstract 
Sigifredo Castro1, Lawrence C. Davis2, and Larry E. Erickson 1• 
Departments of Chemical Engineering1 and Biochemistrl 
Kansas State University, Manhattan, KS 66506 
Plants can transform some organic xenobiotics through enzymatic activities on the root 
surface. The transformation process, which might be different from nutrient uptake, could be 
linked to variables such as plant water uptake, photosynthetic activity, and stage of growth. 
As an approach to understand the phytotransformation process, sunflowers were grown 
hydroponically and some environmental conditions such as lighting period, size of container, 
and hydrodynamics were changed. Plants responded to these stimuli and as a consequence 
different rates of phytotransformation of a particular xenobiotic (benzotriazole) were ob-
served. Further analysis of the results will help to elucidate what phenomena (diffusion, 
advection, reaction) may be controlling the process, thus providing a better understanding of 
the phytotransformation of organic contaminants. 
Introduction 
As described in previous publications, this research group has evidenced the feasibility of 
implementing a plant-assisted remediation of the waste generated by aircraft deicing operat-
ions (Castro et al., 2002). The strategy proposed involves using the rhizosphere effect to im-
prove the biodegradation of ethylene glycol and using vegetation to achieve the phytotrans-
formation of benzotriazole. Ethylene glycol and benzotriazole (BT) are the main components 
in aircraft deicing formulations approved by the Federal Aviation Administration. Our current 
interest focuses on the phytotransformation of BT, given that a better understanding of the 
interactions between organic contaminants and vegetation is required for acquiring the neces-
sary tools for the design of phytoremediation systems. 
BT is produced in large quantities mainly as a corrosion inhibitor for applications where 
metals have to be placed in contact with aqueous solutions, such as automobile antifreeze 
solutions, recirculating water systems, commercial air-conditioning systems, and aircraft 
deicing fluids (USEPA, 1977). BT and its derivatives represent an environmental concern. 
BT possesses a remarkable stability under environmental conditions (USEPA, 1977); there is 
no evidence for its biodegradability (Rollinson and Callely, 1986, Groden et al., 2001 ). It is 
toxic to aquatic organisms and plants (Pillard, 1995), and it has been found in both ground-
water (Cancilla et al., 1998) and surface waters (Kolpin et al., 2002). 
The phytotransformation ofBT was hypothesized to happen because of the structural 
similarity ofBT with some of the natural building blocks oflignin. Hence, BT would be 
incorporated by the plant enzymatic action to produce lignin. Experimental evidence showed 
that when BT is fed to plants in nutrient-rich aqueous solutions at a concentration not greater 
than 100 mg!L, it is transformed within the plant into a non-extractable form, in a way that 
does not depend on the plant water uptake and that is linked to the photosynthetic activity of 
plants (Castro et al., 2001a). A saturation-type kinetic model such as the Michaelis-Menten 
73 
model can describe the apparent kinetics ofBT phytotransformation (Castro et al., 2001b). 
Over the years researchers have investigated the impact of changing some environmental 
conditions on the uptake of chemicals by plants. For example, Jacobson et al. (1961) studied 
the effect of root solution ratio in ion absorption experiments, focusing on calcium as the 
transported ion. Polle and Jenny (1971) studied the boundary layer effects in absorption of 
Rb by roots and storage organs of plants. Little is known about the impact of root to solution 
ratio and forced convection on specific mechanisms of plants to interact with organic xeno-
biotics; assuming that the response of plants to these xenobiotics is similar to nutrient or 
pesticide uptake might not be appropriate. The purpose of the experiment described in this 
paper was to evaluate whether BT phytotransformation was impacted by different root to sol-
ution ratios and by the introduction of mixing (forced convection) in the hydroponic solution. 
Materials and methods 
BTwas purchased from Sigma/Aldrich Chemical Co. and a stock solution (2.0 giL) was 
prepared for later dilution to treat plants and prepare calibration standards. Quantification of 
BT was done through UV spectroscopy (275 nm) after separation with liquid chromatog-
raphy on a Hamilton PRP-1 column (150 X 4.1 mm) in a flow injection system with a solut-
ion of 1 mg/L 5-chlorobenzotriazole ( 5-CBT) and 1 mM monobasic potassium phosphate in 
methanol ( 50-70 vol%) as eluent at a flow rate of 1.0 mL/min. The low level of 5-CBT in the 
eluent allowed a uniform distribution of the injected sample throughout the column, which in 
turn resulted in a stable baseline in the chromatographic chart and more reproducible results. 
The phosphate was used to buffer the solution at a neutral pH. The detection limit for BT was 
2 mg/L at a range of 0.2 absorbance units for a full scale in the UV detector. 
For plant growth, lighting was continuous with 40-watt cool white fluorescent light tubes 
(about 104-ft tubes per m2) at 25°C. The light energy available for photosynthetic activity 
fell in the range of 150-200 moVm2 of quanta measured with an Apogee quantum meter. 
Twenty similar sunflower (Helianthus annuus) seedlings that had been kept in nutrient-
enriched moist vermiculite for 15 days were transferred to 250-mL brown glass bottles con-
taining single-strength Hoagland's nutrient solution. The plants were held by an open-cell 
polyurethane foam, assuring that only the roots were in contact with the water phase. The 
water level was maintained constant by adding fresh water every other day. After ten more 
days the plant fresh weights were obtained. The plants were distributed into four groups of 
five plants each so that the average plant fresh weights for the groups were similar (32.8 ± 
0.8 g/plant). The plants were then transferred from the 250-mL bottles to the bottles with 
their respective treatment volume as shown in Table 1, where they were kept in Hoagland's 
solution for four more days, replenishing the volume taken up by the plants with the nutrient 
solution. The biggest and smallest plants for each group were designated as controls, while 
the remaining three were selected for treatment with 30 mg/L benzotriazole solution prepared 
in single-strength Hoagland's solution. After the fourth day, the solution in the bottles was 
replaced with the treatment solution. The uptake volume was measured and the solution 
volume was brought up to its initial value every 24 h. A sample for HPLC analysis was taken 
before replenishing. The plant fresh weight was also monitored every 24 h. One of the groups 
was selected for evaluating the effect of stirring; thus, each of the solutions in this group was 
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kept under stirring with magnetic stirrers at approximately 900 rpm. After 1 0 days of treat-
ment, the plants treated in solution volumes of 500 and 2000 mL were harvested while the 
plants treated in 1000-mL containers (stirred and unstirred) were kept for five more days and 
then harvested. The early sacrifice of some plants was done to allow more room for the 
already grown plants and prevent leaf overlapping. The harvested plant material was 
sectioned into leaves, stems, main roots, and secondary roots and was left to dry at room 
temperature (25°) for about a month. Final dry weights were then determined. 
Results 
Table 1. Distribution of sunflowers for treatment with BT (30.0 mg!L) in 
different solution volumes and under stirred/unstirred conditions. 
Plant No. Fresh Solution Stirring Treatment 
weight (g) volume(mL) 
1 42.0 2000 No Control 
2 35.3 2000 No 30 Jl!g!L_ BT 
3 33.1 2000 No 30 mg!L_BT 
4 30.1 2000 No 30mg/LBT 
5 25.0 2000 No Control 
6 38.2 500 No Control 
7 34.6 500 No 30 mg!L_BT 
8 33.4 500 No 30mg/LBT 
9 29.1 500 No 30mg/LBT 
10 26.5 500 No Control 
11 47.6 1000 No Control 
12 35.0 1000 No 30mg/LBT 
13 30.7 1000 No 30mg/LBT 
14 28.3 1000 No 30mg/LBT 
15 27.1 1000 No Control 
16 37.5 1000 Yes Control 
17 36.4 1000 Yes 30mg/LBT 
18 33.0 1000 Yes 30mg/LBT 
19 29.2 1000 Yes 30mg/LBT 
20 23.4 1000 Yes Control 
The plants grown in the stirred solution looked healthier (broader leaves, thicker stems) 
and the difference was most noticable in the roots, which were whiter and thicker, with more 
lateral growth and less accumulation of root debris. This effect was probably caused by a 
combination of several factors, such as an increase in the dissolved oxygen concentration, 
improvement in mass transfer of nutrients within the root system by convection, and an 
increase of the temperature due to the heating of the magnetic stirrers (the temperature of the 
stirred solutions was about 26°C while the unstirred solutions was about 23°C). 
The plant physiological response was quantified by the change in plant fresh weight, i.e., 
biomass production, and the total volume of solution taken up by the plants. As shown in Fig-
ure 1, during the first ten days of treatment the change in plant fresh weight was similar for 
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Figure 1. Change in fresh weight for sunflowers treated for 10 days with BT at 30 mgiL. 
all the treatment volumes although it was slightly higher for the 2000-mL case. There was a 
significant increase in biomass production for the plants under stirring, as these plants grew 
about 120 %more than the unstirred plants in the same volume. The water uptake showed the 
same trend, as depicted in Figure 2. The water uptake of the plants under stirring was about 
100% more than its unstirred counterpart. 
5000~--------------------------------------------~ 
~ 4500+----------------------------------+-----~ 
~ 4000+-----------------------------------+-~-~ 
'-" 
~ 3500 
~ 3000+--------------~--~------------------~ 
~ 2500 +-----¥. 
j 2000 +---...,...--.fio 
~ 1500 
1000 
500 
2000 mL 500mL 1000 mL 1000 mL Stirred 
I o Control ~ Treated I 
Figure 2. Effect of solution volume and stirring on the total uptake by sunflowers treated for 
10 days with BT at 30 mg/L. 
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The rooting ability of plants was not affected by the BT, as the final dry weights of roots 
were comparable between control and treated plants (3.7±1.9 g for control plants vs. 3.8 ± 
1.8 g for treated plants). The root dry weights of plants under stirring were about 120% 
higher than unstirred plants. However, this was linked to the general healthier response of 
plants to the stirring, since the ratio of root dry weight to plant dry weight was similar for all 
cases (Figure 3). 
,........_ 
~ 
.._., 
0 
-~ 0.35 ..,...------------------------------, 
.E 
bO 0.30 -+---------------·------·----····-·-·····-··--·----····-·------··--·--··-·-·····--·-····--·-······-----····-·--·--·---·---·l 
-~ 
c 0.25 +--------·------···-·--·---r 
"t:: 
~ 0.20 
"E. 
.8 0.15 
~ 
-~ 0.10 
~ 0.05 
-0 ~ 0.00 +---'--___..l.<;.t:.LJU.:£L---,,--....I.---....J£L..=.:J.._----,--.L--!CL£1.::.u;.a_--r-__.J..-----L~LLL...---j 
2000mL 500mL 1000 mL 1000 mL Stirred 
I o Control ~ Treated I 
Figure 3. Effect of solution volume and stirring on root dry weight to whole plant dry weight 
ratio for sunflowers treated for 10 days (15 days for the 1000-mL cases) with 30 mg/L BT. 
BT concentration was monitored by sampling before replenishing, which gave the final 
concentration directly for each 24-h time interval. The concentration after replenishing was 
estimated from the measured values of concentration and uptake volume of the replenishing 
solution. With the values of concentration and volume, the amounts ofBT transformed were 
estimated as well. 
Plots ofBT concentration before and after replenishing are shown in Figure 4 (effect of 
solution volume) and Figure 5 (effect of stirring). Each point represents the average for three 
treated plants. The plants cultured in the smaller containers (500 mL) were able to signifi-
cantly reduce the BT bulk concentration, while the impact was lower and similar between the 
1000- and 2000-mL bottles (Figure 4). Stirring allowed the plants to reduce the bulk concen-
tration ofBT to lower levels compared to the unstirred case (Figure 5). However, this could 
have been an indirect effect, since the plants under stirring grew more and healthier than the 
unstirred cases, so their capacity to transform BT may have been increased because of the 
increased root surface area. When the estimated amount ofBT transformed for each time 
interval (i.e., a rate ofphytotransformation in terms ofmg BT loss per day) is normalized by 
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Figure 4. BT concentration before and after replenishing the water uptake with fresh solution 
for sunflowers treated for 10 days with 30 mg!L BT in different solution volumes. 
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Figure 5. Effect of stirring on the BT concentration before and after replenishing the water 
uptake with fresh solution for sunflowers treated for 10 days with 30 mg!L BT. 
the plant fresh weight and plotted against the elapsed time, the curves generated are similar 
regardless of treatment volume and stirring (Figure 6). 
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Figure 6. Rate ofBT phytotransformation normalized to plant fresh weight with time. 
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However, when this normalized rate of phytotransformation is plotted against the average 
concentration for the time interval (arithmetic average between initial concentration and final 
concentration before replenishing), there is no significant difference between plants treated 
with different solution volumes but the effect of stirring is noted as a slight increase in the 
values for the rates at higher values for the average concentrations (Figure 7). A Michaelis-
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Figure 7. Michaelis-Menten fit of effect ofBT concentration on BT phytotransformation. 
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Menten model was used to fit the data for each case, according to a mathematical treatment 
described by Castro et al. (200 1 b). The estimated parameters for this model are summarized 
in Table 2, where it can be seen that the maximal rate of phytotransformation (r max) was about 
80% higher for the plants under stirring. 
Table 2. Results from fitting a Michaelis-Menten model to 
the phytotransformation ofBT 
Case rmax KM ; (mgBTfd· g) (mgBTIL) 
Unstirred 0.895 100.0 0.790 
Stirred 1.609 139.0 0.790 
From the experimental results obtained there is not a clear way to establish what factor 
was inducing the better response of the plants under stirring. If it is assumed that mostly the 
increased temperature of the roots in the stirred treatment was responsible for the better state 
of these plants, one could determine whether mixing induces a mass transfer effect or a 
thermal effect by estimating the Arrhenius activation energy parameter, Ea. Thus, it can be 
assumed that the temperature dependence of the phytotransformation ofBT takes the form 
where 
r =rate ofBT phytotransformation normalized to plant fresh weight, mg BTfd· g 
A= frequency factor, mg BTfd· g 
Ea = activation energy, kJ/mol 
R =gas-law constant= 0.008314 kJ/mol K 
T = absolute temperature, K 
Taking the natural logarithm on both sides of Equation 1 leads to 
In r = In A- E I RT 
a 
1) 
A plot of ln r vs. liT would be a straight line and the activation energy can be obtained 
from the slope. Thus, with the two values obtained for the maximal rate of phytotransformat-
ion, r max, for the stirred and the unstirred treatments, and taking into account that the molec-
ular weight ofBT is 119.12 g/mol, an activation energy of62.5 kJ/mol was obtained. 
According to Erickson (1988), the Ea takes a value of about 20 kJ/mol when mass transfer is 
limiting the process, while it is greater than 40 kJ/mol when the rate is kinetically limited. 
From this standpoint, the kinetics of the enzymatic reaction in the root lignification process 
appears to control the rate ofBT phytotransformation and there may not be a significant lim-
itation due to diffusion of BT towards the reaction sites of the roots. The higher rate may be 
due to both the mixing and the temperature increase. 
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Conclusions 
Varying the root to solution ratio did not strongly affect either the plant physiological 
status or the BT phytotransformation by sunflowers treated with BT at a concentration of 30 
mg/L, whereas the introduction of forced convection by stirring the hydroponic solution im-
proved the plant health, which was reflected by greater biomass production and solution up-
take. The phytotransformation ofBT was slightly accelerated by this mixing, but it was not 
obvious if the improvement was due to an increase in the temperature around the roots, or an 
increase in the dissolved oxygen concentration, or a reduction in the mass transfer resistance, 
or a combination of these. An activation energy was estimated assuming that mainly the tem-
perature caused the difference in phytotransformation rates, and this derived value suggests 
that probably the process is governed by the enzymatic action of the plant roots on the BT 
molecules. Further exploration of this temperature effect is in process. 
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Abstract 
Metabolic flux analysis is an effective tool for quantifying metabolic fluxes (intracellular 
biochemical reaction rates) in a biological system. If the system under consideration is large, 
it requires a number of measurements to quantify intracellular fluxes. NMR spectroscopy 
provides these measurements in a compact experiment, thus permitting the rapid evaluation 
of fluxes. In this paper, we report such a methodology for metabolic flux evaluation, based 
on a carbon bond labeling experiment recently developed by our group. The system under 
consideration is developing embryos of soybean (Glycine max). The flux evaluation method-
ology involved conducting two-dimensional heteronuclear single quantum correlation 
spectroscopy and total correlation spectroscopy experiments on hydrolyzed protein from the 
embryos, analyzing the resultant NMR spectra, and evaluating fluxes with the aid of a com-
prehensive mathematical model. In this work, we employed a uni-compartmental model of 
soybean metabolism. In embryos cultured at 27°C and incubated at 20°C, we found that the 
split ratio between glycolysis and the pentose phosphate pathway is 1.28:1.00, that between 
the tricarboxylic acid cycle and anaplerotic pathways is 1.22: 1.00, while that between they-
aminobutyric acid shunt and the TCA cycle is 1.90:1.00; and also that the glyoxylate path-
way is absent. 
Introduction 
Soybeans are used as a major source of raw material for animal feeds as well as other 
food products. An increase in their nutritional value through metabolic engineering would 
render them commercially attractive. Metabolic engineering of soybean embryos can help 
improve nutritional properties in plants through the increased production of targeted metab-
olites (proteins and oils). To assess the effect of metabolic engineering manipulations, the 
flux distribution in the metabolic pathways in soybean must be clearly understood. One of 
the principal tools of metabolic engineering is metabolic flux analysis (MFA), which is 
effective for quantifying intracellular metabolite fluxes (Stephanopoulos eta/., 1998). NMR 
spectroscopy provides additional information for quantifying these fluxes (Shanks, 2000). A 
combination of these two would help in developing an optimal metabolic flux map for soy-
bean embryos. In this paper we report the application of a recently developed methodology 
(Sriram eta/., 2003) of metabolic flux evaluation based on a carbon bond labeling experi-
ment on the soybean embryos. Metabolic interpretations of the results, including comparison 
of lines grown at different temperature conditions, will be the focus of our future papers. 
Metabolic Flux Analysis 
MFA involves the quantification of intracellular steady state fluxes in the cell, using 
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metabolite balances and extracellular metabolite measurements. The pathway under consider-
ation is known and hence all the corresponding reactions in the pathway constitute a stoichio-
metric model (Stephanopoulos eta/., 1998). From these reactions, corresponding balances 
around each intracellular metabolite can be written. Thus 
dX/dt = r-p.X 
where X is the metabolite under consideration, r is the rate of formation of the metabolite and 
1-l is the biomass growth rate. Assuming a pseudo-steady state, we have 
r-p.X=O 
The dilution due to the biomass growth is generally small, and hence the second term can be 
neglected and we have 
r = GT .v = 0 
where vis the vector containing the fluxes and G is the stoichiometric matrix. The measured 
and calculated fluxes can be partitioned into Vm and Vc respectively. Correspondingly, the 
stoichiometric matrix can be partitioned into Gm and Gc. Thus, knowing v m and G, we can 
calculate v c;, the set of unmeasured intracellular fluxes. If there are J reactions and K metab-
olites then the degrees of freedom, F, is given by 
F=J-K 
If the number of extracellular measurements is same as F, the system is exactly deter-
mined, if greater than F it is overdetermined, and if less than F it is underdetermined. In the 
case of an overdetermined system the extra measurements can be used to check the validity 
of the model. To solve an underdetermined system one needs to resort to cofactor-dependent 
balances (NADPH/NADH) (Stephanopoulos eta/., 1998). However, the NADPH, NADH, 
and A TP balances are in reality not closed due to futile cycles and possibly incomplete path-
way knowledge. Also, stoichiometric MFA fails in certain cases of parallel pathways and 
metabolic cycles where the fluxes cannot be measured. Thus a need arises to elucidate flux 
distribution at branch points. If the system under consideration is large, the number of extra-
cellular flux measurements required is large and this may be difficult. In such a situation 
NMR provides additional constraints, which helps in solving the stoichiometric matrix 
(Wiechert eta/., 2001). 
Nuclear Magnetic Resonance Spectroscopy 
To carry out an NMR experiment, the nucleus under consideration must possess a spin, 
which is detected by NMR. NMR, however, does not observe the 12C isotope. Hence the 13C 
isotope is used. The variation in the frequency of resonance is called the chemical shift and is 
characteristic for each nucleus. This enables NMR to obtain detailed information about the 
chemical structure. A one-dimensional (lD) spectrum would provide the concentrations of 
the nuclei in the pool. However, if there are many lines in the spectrum then the analysis is 
difficult. Hence we resort to a two-dimensional (2D) analysis (Figure 1). 
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12C attached to 13C 0e produces a singlet peak ~ (lD) and cc::::::I::> (2D) 
13C attached to 13C .. produces a doublet peak F (lD) 
Figure 1: 1 D and 2D NMR. 
2D NMR disperses the peak in two dimensions so that there is less ambiguity in assign-
ment of the nucleus. We use two different experiments, the HSQC eH, 13C Heteronuclear 
Single Quantum Correlation spectroscopy) and the TOCSY (TOtal Correlation Spectros-
copY). The HSQC experiment gives us the degree of coupling between the adjacent carbon 
atoms. Also, we have unlabeled glutamine and labeled sucrose, as a result of which there is a 
dilution of 13C in the system. The 2D TOCSY experiment gives us the enrichment informat-
ion of each carbon atom of the metabolites in the pathway. 
Materials and Methods 
We have developed an in vitro culture system for feeding soybean embryos. The soybean 
embryos were 94% isogenic. A mixture of 10% uniformly 13C-labeled and 90% unlabeled 
sucrose was used as a feed for growing the embryos. Unlabeled glutamine was used as a 
nitrogen source. The embryo was placed in a growth chamber and incubator chamber for a 
period of six days. To understand the temperature effects on metabolism the embryos were 
grown in different conditions in the growth and incubator chamber (Table 1 ). There were 
three cotyledons grown at each temperature. 
Number Growth chamber Incubator chamber 
of temperature, °C temperature, °C 
replicates 
3 35 ("high") 27 ("high") 
3 27 ("medium") 27 ("high") 
3 27 ("medium") 20 ("medium") 
3 27 ("medium") 12 ("low") 
3 20 ("low") 12 ("low") 
Table 1: Temperature conditions of soybean cultivation. 
Protein, oil, and starch samples were extracted from the seeds using phosphate extraction 
(protein) and citrate extraction (starch), respectively. We performed protein quantification 
using standard Bradford and Lowry tests. This was followed by protein hydrolysis, which 
was optimized to recover the amino acids from the sample. An HPLC of the amino acid 
85 
sample gives percentages of the amino acids (Figure 2). These from different temperature 
conditions are comparable. This indicates that the biomass amounts are not affected greatly 
by temperature. However, a difference in the fluxes through the pathway is expected that will 
be verified in further studies .. The labeling pattern, which is reflected in the proteinogenic 
amino acids, can be analyzed using NMR spectroscopy. NMR experiments (HSQC and 
TOCSY) were then carried out. 
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Figure 2: Comparison of amino acid percentages between different culture conditions. 
Results and Discussion 
The model for the metabolism in soybean consists of glycolysis pathway, tricarboxylic 
acid (TCA) cycle, pentose phosphate pathway, anaplerotic pathways, glyoxylate shunt, andy-
aminobutyric acid (GABA) shunt, respectively (Figure 3). Once the chemical reactions are 
identified, the carbon skeleton rearrangement was understood. The external fluxes are deter-
mined from the amino acid HPLC analysis results coupled with the precursor amino acid 
stoichiometry. This depended upon the biochemistry of the reactions under consideration and 
also their reversibility. We introduced a theory ofbondomers (bond isomers). Bondomers are 
molecules of the same metabolite that have different bond integrities for different carbon-
carbon bonds (Sriram and Shanks, 2003). The bond integrity of a covalent bond indicates 
whether the two carbon atoms under consideration arise from the same substrate or not. If the 
former the bond integrity is 1, otherwise it is 0. The abundances of the bondomers depend on 
the metabolic fluxes in the system. Once the bondomers are evaluated using NMR, corres-
ponding balances are written and can be solved by mathematical modeling. We have devel-
oped a computer software for the same (Sriram and Shanks, 2003). This includes a bondomer 
mapping matrix method for simulating bondomer abundances and simulated annealing tech-
nique for error minimization. This package also includes statistical analysis of the results and 
provides 95% confidence intervals for the fluxes and reversibilities. 
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The flux map of soybean for the optimal temperature conditions (medium/medium) is 
shown in Figure 4. The glycolysis/pentose phosphate split ratio is 1.28:1.00 and the TCA 
cycle/ anaplerosis split ratio is 1.22: 1.00, while the GABAITCA cycle split ratio is 1.90: 1.00. 
Therefore the GABA shunt appears to be considerably active. It is also noteworthy that the 
glyoxylate shunt is inactive. The reversibility of the conversion of G6P to F6P was high 
(70.3%). There is considerable futile cycling in the pathway in reactions such as the transket-
olase reaction (P5P + E4P - T3P + F6P) and malate dehydrogenase reaction (Mal - OAA). 
Future Directions 
The hydrolysis of starch gives glucose and an NMR experiment of the same would enable 
verification of some of the results reported here. Subsequently, the inclusion of compartmen-
tation and/or model modification may be necessary. The flux map shows that certain metab-
olites like pyruvate and succinate are excreted into the medium. An analysis of the medium 
would validate the results. The results presented in this paper are for the medium/medium 
temperature of the growth and incubator chamber, respectively. Similar analysis of the differ-
ent temperature lines would assist in understanding the temperature effects on metabolism in 
soybean. Once this is established for this particular genetic line, it can be extended to other 
genetic lines for comparison. 
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Abstract 
The production of bacterial cellulose by Acetobacter xylinum subsp. sucrofermentans in a 
medium containing sucrose, yeast extract, and mineral salts under static and agitated culture 
was evaluated. The maximum growth of A. xylinum yielded counts of2.55 x 101° CFU/ml at 
46 h of fermentation in static culture and provided counts of3.34 x 101° CFU/ml at 45 h of 
fermentation in agitated culture. fu static culture, the yield of cellulose produced increased up 
until 6 days of cultivation to a value of 1.2 gil (dry basis). The cellulose yield for agitated 
culture harvested at 2 days of cultivation was 0.6 gil {dry basis). Cellulose was produced in 
the form of a pellicle in static culture, while accumulation of small aggregates of bacterial cel-
lulose was observed in agitated culture. The generation time of A. xylinum in static and agitat-
ed cultured was 3.3 and 2.1 h, respectively. The pH of the medium decreased as cultivation 
time increased in both experiments. 
Introduction 
Cellulose is one of the most abundant polymers in nature. It is found as a structural com-
ponent in plant cell walls. Several bacteria produce cellulose, as reported for the strains from 
the genera Acetobacter, Agrobacterium, Pseudomonas, Rhizobium, and Sarcina. The bacter-
ium Acetobacter xylinum produces extracellular cellulose as a pellicle or gelatinous growth, 
called bacterial cellulose, which is composed of ribbon-shaped fibrils less than I 00 nm wide. 
Bacterial cellulose has long been useful as the raw material of nata-de-coco, an indigenous 
dessert food of Philippines, for which 1-cm-thick gel sheets fermented with coconut water are 
cut into cubes and immersed in sugar syrup. 
During the first phase of gel formation in static culture the population of bacteria increas-
es due to aerobic growth, and cellulose is produced as observed by the appearance of turbid-
ity. When dissolved oxygen becomes rate-limiting, only bacteria near the surface are able to 
maintain their activity to produce cellulose. Gel formation near the surface is observed as the 
thickness of the cellulose gel layer increased after a few-day induction period. The rate of 
production slows down after a week or ten days (Iguchi et al., 2000). 
Bacterial cellulose displays unique properties, including being completely biodegradable 
and recyclable as a renewable resource, high mechanical strength, high water absorption cap-
acity, high crystallinity, and an ultrafme and highly pure fiber network structure. A sheet-
shaped material prepared from bacterial cellulose by using a hydraulic press machine 
equipped with a heating device has remarkable mechanical properties, the Young's modulus 
being as high as 15 GPa across the plane of the sheet (Yamanaka et al., 1989). 
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Bacterial cellulose can be produced by static culture and agitated culture. In static culture, 
it is thought that the organisms produce cellulose at the air-liquid interface, with the cells be-
ing located on the surface so as obtain oxygen. The static culture system requires a very long 
period of time for formation of white pellicle (flat gel), while agitated cultures produce the 
pellicle as a dispersed suspension. Shear stress arising from the agitation of the culture med-
ium might inhibit the formation of the gelatinous membrane resulting in the accumulation of 
small aggregates. 
The static culture system is inefficient from the industrial point of view, because it 
requires a very long culture period. Therefore, an economical mass production system by 
agitated culture may be necessary for commercial production of bacterial cellulose. 
The objectives of this study were 
1. To study the growth pattern of A. xylinum in static and agitated culture 
2. To calculate the growth rate constant and generation time of static and agitated cultures. 
Materials and methods 
Bacterial strain: A. xylinum subsp. sucrofermentans ATCC 700178 was used. 
Culture medium: The YE medium comprised 2.0% (w/v) sucrose, 0.5 % (w/v) yeast extract, 
0.3% (w/v) KH2P04, 0.2% (w/v) MgS04.7H20, 0.5% (w/v) CNlf4)2S04,pH 5.5. 
Cellulose production in culture: 
For static culture, the seed broth was prepared by adding a loopful of stock culture to 10 
ml culture medium in the test tube and incubated without shaking at 28 °C for 3 days. The 
seed culture was shaken vigorously to remove the cells from the gelatinous membrane and the 
cell suspension was inoculated into 100 ml of medium in the petri dish with diameter of 110 
mm. The culture was incubated at 30 °C for 7 days. 
For agitated culture in ajar fermentor, seed culture was grown under static conditions, a 
cell suspension was inoculated onto 100 ml medium in a 300-ml baffled flask, and it was 
grown in shaking culture on a rotary shaker at 180 rpm at 28 °C for 3 days. After shaking 
vigorously, the seed culture was inoculated onto 1000 ml of medium in a 2000-ml fermentor. 
Culture temperature was maintained at about 30 °C, the pH was maintained at 5.5. The agit-
ation speed of the impeller was controlled at 180 rpm, and the air flow rate was fixed. 
Analytical methods: 
To purify the cellulose, the culture broth was washed with 0.1 N NaOH at 80 °C for 20 
min to disengage the microorganisms. The purified cellulose was finally purified by three 
washes with distilled water. The purified cellulose was dried at 80 °C and weighed. The cell 
concentration in static and agitated culture was measured by optical density at 600 nm. The 
number of viable organisms was examined by taking 1 ml of sample. The sample was serially 
diluted with 0.1% peptone, and three serial dilutions were plated in duplicate on YE agar. 
92 
--------------- --- --
A sample of each treatment was taken every 1-2 h of the fermentation. The pH of the 
medium from static and agitated culture was determined by pH meter. The growth rate 
constant and generation time were calculated by plotting the viable cell count versus time on 
semi-logarithmic paper: 
InN -InN 
- Growth rate constant (I-t) = 2 1 
t2 -~ 
Generation time = 0.693/~-t 
where N2 = number of cells at time t2 
N 1 = number of cells at time t 1 
t1 =beginning time (h) 
t2 =ending time (h) 
1-t =growth rate constant (h-1) 
Results and Discussion 
Cell growth of A. xylinum in static and agitated culture at 30°C is presented in Figures 1 
and 2. During the fermentation, cell growth increases until45-47 h. The maximal growth of A. 
xylinum in static culture yielded counts of2.55 x 1010 CFU/ml at 46 h, while in agitated 
culture counts reached 3.34 x 1010 CFU/ml at 45 h. The conditions in agitated culture might 
help to stimulate the growth of A. xylinum, since oxygen transfer to the submerged cells is 
sufficient. The lag phase of A. xylinum in static and agitated condition was 25 and 12 h, res-
pectively. Toyosaki et al. (1995) reported that the maximal number of colony forming units 
in the improved flasks was found after 2 days of cultivation (5 X 109 CFU/ml). 
As shown in Figure 3, the medium pH in static culture and agitated culture decreased from 
5.5 to 4.7 and 3.95, respectively. A. xylinum is known to convert glucose to gluconic acid, 
which causes the decrease of pH. Since some of the glucose formed by hydrolysis of sucrose 
is used for gluconic acid production, this decreases the efficiency of carbohydrate to cellulose 
conversion (Embuscado et al., 1994). 
Cellulose production by A. xylinum in static culture is shown in Figure 4. During fermen-
tation in YE medium, the amount of cellulose produced and thickness of cellulose increased 
until 6 days of cultivation (1.236 gil dry basis). The cellulose yield for agitated culture har-
vested at 2 days of cultivation was 0.631 gil (dry basis). Iguchi et al. (2000) reported that the 
thickness and the yield of cellulose in static conditions increases sharply after a few days of 
induction period until the rate tended to slow down after a week or ten days. 
The cellulose produced in agitated culture is accumulated in dispersed suspension, while 
in static culture the cellulose is produced as gelatinous membrane. Sheer stress and fluid mix-
ing arising from the agitation of the culture medium prevents the formation of the gelatinous 
membrane, resulting in the accumulation of small aggregates of bacterial cellulose (Y oshinaga 
et al., 1997). Some cellulose was attached to the static parts inside the fermentor such as the 
baffles and stirrer. 
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Figure 1. Cell concentration (CFU/ml) in static culture at 30 °C. 
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Figure 2. Cell concentration (CFU/ml) in agitated culture at 30 °C. 
The generation time of A. xylinum in static and agitated culture was 3.3 and 2.1 h, respec-
tively {Table 1). Iguchi et al. (2000) estimated generation times of3.6-5.5 h when culture was 
carried out in agitated conditions. 
In conclusion, the production of cellulose in agitated culture provides a higher yield of 
cellulose than in static culture. The conditions in agitated culture stimulated better growth of 
A. xylinum since the oxygen transfer to the submerged cells is sufficient. 
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Figure 4. Cellulose production (g/1) in static culture. 
Table 1. Growth rate constant (~) and generation times (g) of A. xylinum in static and agitated 
culture. 
Parameter Culture method 
Static culture A2itated culture 
u (h-1) 0.21 0.33 
~(h) 3.3 2.1 
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ABSTRACT 
Benzotriazole compounds are frequently employed as anticorrosion agents in the process 
industries, aircraft deicing fluids, and automobile antifreeze. This research assesses the 
sorption of these compounds to four different soils characterized primarily by total organic 
carbon content. The compounds investigated were benzotriazole, 5-methylbenzotriazole, and 
5-chlorobenzotriazole at concentrations of 10, 20, 50, 100, 200, and 500 mg/1 in batch condit-
ions. Benzotriazole compounds are very resistant to biodegradation and toxic to some organ-
isms. The wide use of these compounds causes concern in environmentally preserving a nat-
ural habitat. One special concern is the application of aircraft deicer fluid. Typically aircraft 
deicer fluid is applied to the plane prior to takeoff while on the runway. This fluid may even-
tually migrate to nearby vegetated areas, in which the benzotriazole compounds are sorbed to 
the soil. The understanding of this sorption, which can be significant, is difficult due to the 
sheer complexity of soil and the unique properties ofbenzotriazole compounds. Additionally, 
partition parameters such as the octanol-water partition coefficient and Langmuirian param-
eters were determined for these compounds. 
SORPTION MODELING AND PARTITIONING PARAMETERS 
The sorption of a solute diffusing through liquid into a soil matrix in a batch system is 
typically modeled with an adsorption isotherm. In 1853, Boedeker actually applied the first 
numerical analysis of adsorption in any discipline, to soils (Giles, 1970). Boedeker used an 
expression similar to what is now known as the Freundlich isotherm: 
(1) 
where q is the mass of solute sorbed per unit mass of sorbent (mglkg), KFr is the Freundlich 
partition coefficient (l/kg)n, Ce is the equilibrium concentration of the solute (mg/1), and n is a 
constant determined empirically. The linear isotherm (n = 1) is the simplest of all of the 
isotherms, and is used at low concentrations when the sorption of solutes is relatively small: 
where Kp is the linear partition coefficient (l/mg). The Langmuir isotherm has also been 
frequently applied to soil sorption processes (Knox, 1993; Weber, 1970): 
(2) 
(3) 
where a is the total amount of binding sites available for adsorption (mg solute/kg soil) and 
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Kr is the equilibrium adsorption (or "Langmuir") constant [1/mg]. The octanol-water partition 
coefficient (Kow) is a parameter that assesses the partitioning of an organic solute between a 
comparatively nonpolar phase (1-octanol) and a polar phase (water). This relationship is 
defmed as follows: 
c 
K =~ 
ow c 
s,w 
(4) 
where Cs,o is defined as the concentration of organic solute in the octanol phase and Cs,w is 
the concentration of organic solute in the aqueous phase. The linear relationship between the 
log Kow plotted against log Koc has been used widely throughout the literature to correlate 
partitioning phenomena within sorption processes (Knox, 1993). Kocis a normalization of the 
linear partition coefficient (Kp) with respect to the fractional organic carbon (foe) of the soil. 
MATERIALS AND METHODS 
Batch Sorption: 
The benzotriazole compounds examined in the batch sorption experiments were benzo-
triazole (BT), 5-methylbenzotriazole (MBT), and 5-chlorobenzotriazole (CBT) at concentrat-
ions of 10, 20, 50, 100, 200, and 500 mg/1. The sorbents used were four different topsoils 
characterized primarily by their total organic carbon content. An approximate 1: 1 mass ratio 
of soil to aqueous solution containing BT, MBT, or CBT was prepared in centrifuge tubes 
and subsequently shaken for 12 h. After shaking, colloidal material in the samples were 
allowed to settle for 24 h. 
a e • opso T bl 1 T il compositions 
% Organic Carbon %Clay %Sand %Silt Location 
1.63 16 36 48 Field North of Kansas River* 
0.998 16 34 50 Field South of Kansas River* 
0.322 4 88 8 Riley County Landfill, KS 
0.154 14 50 36 North Kansas River Bank* 
*These topsoils were all obtained near Wamego, KS. 
One-half mL aliquots were then removed from the aqueous solution. These aliquots were 
centrifuged in micro-centrifuge tubes at 13,000 g for 2 min to settle any colloidal material 
that could interfere in the HPLC analysis. A solvent of70% (v/v) methanol, 1 mM HzKP04, 
and 1 mg/15-chlorobenzotriazole (to coat the inside of the HPLC column) was used to en-
train the aqueous samples through the HPLC apparatus. After each sample, its respective 
input solution was analyzed immediately to maintain consistency throughout the trials. 
Octanol-water partition coefficient: 
The octanol-water partition coefficients were determined for benzotriazole, 5-methylben-
zotriazole, and 5-chlorobenzotriazole. The "shake flask" method was used for this experi-
ment as outlined by U.S. EPA (1996). Distilled water saturated with octanol was prepared to 
aid in the prevention of aqueous contamination of the species partitioned. The mole fraction 
solubility of 1-octanol in water is only 7 x 1 o-s (Sangster, 1997). However, if the species 
partitioned were substantially hydrophobic (e.g. binding to 100 organic parts for each aque-
ous part), the error in measuring the aqueous phase's concentration would be significant. 
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Therefore 500 ml of distilled water was stirred with 200 ml of 1-octanol for 24 h. This 
solution was then transferred to a separatory funnel and allowed to part into two phases and 
equilibrate for several days. The octanol-saturated aqueous phase containing the solute of 
interest was then contacted with a certain volume of 1-octanol. 
Using concentrations and volumes in which the mass of the investigated solute is nearly 
equal in both phases after equilibrium will yield the best results (Leo, 1991 ). The two phases 
of the solutions were contacted and lightly inverted 100 times in a 30-ml Corex® tube. Fol-
lowing inversion, samples were then centrifuged at 1,500 g for 20 min. The samples were 
then allowed to settle for a few minutes, and then the octanol phase was removed. To allev-
iate solute contamination in the aqueous phase, an automatic pipetter was entered into the 
aqueous solution and discharged to excrete any octanol (retained from the insertion) from the 
pipetter tip. Then 1-ml samples were collected approximately 1 em deeper into the aqueous 
phase from the discharge point. The pipetter tip was wiped dry before the sample was dis-
charged into a micro-centrifuge tube, again to alleviate solute contamination. These samples 
were then centrifuged at 13,000 g for 2 min to further separate any octanollingering in the 
aqueous phase. Prior to HPLC analysis, the discharge steps described heretofore were used 
again for the column-input syringe. 
RESULTS & DISCUSSION 
Batch Sorption: 
Following HPLC analysis, the peak heights of the samples and their respective input sol-
utions were measured. The ratio of the sample peak height to the input concentration's peak 
height multiplied by the input concentration yielded the aqueous equilibrium concentration 
(Ce). A solute mass balance then determined the amount of solute sorbed. To quantify this 
sorption practically, the mass sorbed was divided by the mass of the sorbent, in this case soil. 
This quantity is often denoted in the literature as either q or S, and has the units of mglkg or 
gig depending upon how appreciable the sorption is. To obtain the adsorption isotherms, this 
quantity q is plotted as a function of its equilibrium concentration (Ce). The adsorption iso-
therms were fit to these data utilizing a least-squares numerical solving technique in Micro-
soft Excel. To determine reproducibility and statistical deviations, the batch sorption experi-
ments were performed in triplicate for benzotriazole, 5-methylbenzotriazole, and 5-chloro-
benzotriazole in a relatively average organic carbon (0.322%) content soil. In every sorption 
isotherm fit there was little difference between the Freundlich and Langmuir isotherms. Des-
pite both isotherms marked differences in derivation and functionality, other experimenters 
have comparatively fit both models to their same data (Kipling 1965; Weber 1970). The 
comparative sorption of CBT to the four soils is illustrated in the Langmuir model in Figure 
1. The use of the Langmuir isotherm raises questions because it assumes a homogenous sur-
face (i.e. adsorption energies at each site are equal) for the solute to bind. 
The Freundlich isotherm has been proved through statistical mechanics to assume a 
heterogeneous surface (Appel, 1973), which more aptly characterizes the sorption. The Lang-
muir isotherm only describes the adsorption of benzotriazole compounds to the surface of the 
soil particles, and not the absorption resulting from intra-particle diffusion. The higher-organ-
ic-carbon-containing soil trials in Figure 1 resemble Freundlich isotherms, power functions 
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with the power being less than 1. The concentrations used in all trials were constrained by the 
solubility limits ofbenzotriazole compounds in aqueous solutions. However, this inability of 
the Langmuir isotherm to asymptote to the total binding capacity of the solute in any of the 
higher-organic-carbon-content trials is suggestive. 
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Figure 1. Effect of aqueous equilibrium CBT concentration and organic carbon concentration 
on amount CBT adsorbed. 
The use of a metabolic shaker reduced mass transfer limitations in the boundary layer of 
the particles and allowed for intraparticle diffusion of the solute. Since absorption resulting 
from intraparticle diffusion is a viable sorption mechanism, these sites would also become 
accounted for in the constant a. Due to the concentration limitations, a total binding capacity 
for these compounds cannot be fully realized quantitatively in the higher organic carbon 
soils. Therefore the binding capacities, a and sorption equilibrium constants, KL determined 
are of a qualitative nature. These Langmuir and Freundlich parameters with their respective 
correlation coefficients (R2) are shown in Table 2. 
Octanol-water partition coefficient: 
In addition to manipulating solute concentrations and phase volumes to obtain a nearly 
equal solute mass in each phase after equilibration, concentrations and volumes were also 
adjusted on the basis of peak height. Meaning the error in coefficient determination was 
100 
-----~-~--
a e . T bl 2 S orpt10n parameters 
% Langmuir Parameters Freundlich Parameters 
Organic a [ mg sorbed l KL (X 10"3) Rz KFr Rz 
Carbon kg soil (Lim g) [(1/kg)n] n 
1.630 188 4.4 0.9880 3.35 0.60 0.9970 
BT 0.998 195 2.9 0.9768 2.02 0.66 0.9644 0.322 124 2.3 0.9964 0.97 0.69 0.9956 
0.154 73 1.3 0.9938 0.23 0.78 0.9973 
1.630 438 3.7 0.9960 4.35 0.70 0.9988 
MBT 0.998 421 2.8 0.9995 3.07 0.72 0.9975 0.322 105 4.6 0.9785 2.02 0.59 0.9643 
0.154 51 2.6 0.9956 0.43 0.68 0.9842 
1.630 285 4.7 0.9973 4.36 0.64 0.9940 
CBT 0.998 264 2.7 0.9973 2.49 0.67 0.9993 0.322 122 4.5 0.9868 2.37 0.59 0.9867 
0.154 44 3.5 0.9888 0.04 1.06 0.9886 
lessened by operating in a regime in which the concentration could give a maximal peak 
height at a certain range of the chart while still obeying Beer's law. This was achieved 
through numerical analysis of prior octanol-water partition coefficient experiments. After 
each sample was analyzed, an appropriate known solute concentration in an aqueous solution 
of solute was analyzed immediately afterwards. Thus the solute concentration in the aqueous 
phase of the solution was known. A mass balance then determined the solute concentration in 
the organic phase and its ratio to the aqueous phase concentration yielded the octanol-water 
partition coefficient. The values for the benzotriazole compounds investigated in this study 
are shown below in Table 3. 
T: bl 3 0 ta I a e . c no -waterpa rti" tion coe m· I ICient va ues 
Kow log Kow Standard Deviation 
BT 17.0 1.23 0.0576 
MBT 77.6 1.89 0.0129 
CBT 148 2.17 0.0824 
Standard deviations are for log Kow values. 
The linear partition coefficients, Kp for each adsorption isotherm of the benzotriazole 
compounds were normalized by the percent organic carbon present in the soil, and averaged 
for each compound. This normalization yielded the organic-carbon partition coefficient (Koc). 
Karickhoff's (1984) correlation between this partition coefficient and the octanol-water 
partition coefficient is shown in Figure 2. 
CONCLUSIONS 
Freundlich isotherms represent soil sorption data on a better basis because of the funda-
mental restrictions on the assumptions involved in the Langmuir derivation. Though Freund-
lich parameters do not provide any binding capacities of the soil, Langmuirian parameters 
can provide a qualitative estimate in certain total organic carbon content ranges. Although 
linear adsorption isotherms are generally thought to apply to sorption that is not appreciable, 
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Figure 2. The dependence of sorption upon the hydrophobicity of the solute is depicted 
through the normalized organic-carbon partition coefficient as a function of 
the octanol-water partition coefficient. Karickhoff (1984) identified 50 
compounds that fell in the shaded region. Sorption of compounds in this 
region are a result of nonhydrophobic contributions and are generally 
characterized through isotherm nonlinearity. The y-error bars were obtained 
from the standard deviations of the normalized organic carbon partition 
coefficients at varying organic carbon contents. 
this was not the case for the trials analyzed here. Some of the 50 compounds that comprise 
the shaded region in Figure 2 are aromatic amines, which make up the general family of 
organic compounds to which benzotriazole compounds belong. In closing, the Freundlich 
model characterizes these data well because no maximal binding capacity can be fully real-
ized due to the solubility limits of the benzotriazole compounds in aqueous solutions. 
ACKNOWLEDGEMENTS 
Research referenced in this article has been funded in part by the United States Environ-
mental Protection Agency under agreements R-819653, R-825549, and R-825550 to the 
Great Plains-Rocky Mountain Hazardous Substance Research Center foithe U.S. EPA Reg-
ions 7 & 8 with headquarters at Kansas State University. However, it has not been subjected 
to the Agency's peer and administrative review and does not necessarily reflect the Agency's 
position. f .. 
REFERENCES 
Appel, J. "Freundlich's Adsorption Isotherm." Surface Sci. 39, 237-244 (1973). 
Giles, C.H. "Interpretation and Use of Sorption Isotherms." Sorption and Transport Proc-
esses in Soils. Physicochemical and Biophysical Panel and the Colloid and Surface 
Chemistry Group of the Society of Chemical Industry and the British Society of Soil 
102 
Chemistry Group of the Society of Chemical Industry and the British Society of Soil 
Science, April 7-8, 1970. Society of the Chemical Industry. London. 1970. 
Karickhoff, S. W. "Organic Pollutant Sorption in Aquatic Systems." J. Hydraul. Eng. II 0, 
707-735 (1984). 
Kipling, J. J. Adsorption From Solutions of Non-electrolytes. Academic Press, New York. 
1965. 
Knox, R. C.; Sabatini, D. A.; Canter, L. W. Subsurface Transport and Fate Processes. Lewis 
Publishers. Boca Raton, FL. 1993. 
Leo, A. J. "Hydrophobic Parameter: Measurements and Calculation." Meth. Enzymol. 202, 
547-550 (1991). 
Sangster, J. Octano/-Water Partition Coefficients: Fundamentals and Physical Chemistry. 
Wiley, New York. 1997. 
U.S. EPA. "Partition Coefficient (n-Octanol!Water), Shake Flask Method (OPPTS 
830.7550)." U.S. EPA. Prevention, Pesticides and Toxic Substances (7101). 1996. 
Weber, J. B. "Mechanisms of Adsorption of s-Triazines by Clay Colloids and Factors 
Affecting Plant Availability." Residue Rev. 32, 93 (1970). 
103 
104 
Biodegradation of Organic Compounds in Anti Traction Material 
Sameer Khaitan 1, Larry E. Erickson 1, S. L. Hutchinson2, and R. Karthikeyan2 
Departments of Chemical Engineering1 and Biological and Agricultural Engineering2 
Kansas State University, Manhattan, Kansas 66506 
Abstract 
Biodegradation of polyacrylamide, acrylamide, and total petroleum hydrocarbons (TPH) 
in soil takes place under aerobic conditions. This work considers the fate and transport of 
acrylamide, polyacrylamide, and various constituents of TPH in a potential Anti Traction 
Material (A TM) that can be applied to soil and other surfaces. The hydrocarbon phase (TPH) 
in A TM contains kerosene-range compounds which were analyzed by gas chromatography. 
Experiments were conducted to study the evolution of C02 produced through biodegradation 
and to estimate time of disappearance of TPH in soil. An extraction procedure was formul-
ated to carry out the optimal extraction of TPH from soil. Peaks in TPH are detected by gas 
chromatography with mass spectroscopy. Modeling of vapor pressures ofTPH components 
of A TM was done to get an estimate of equilibrium partial pressures and to compare esti-
mated gas phase equilibrium concentrations with the Recommended Exposure Limit of 
indoor air. A study of the removal of JP-8 from soil showed that higher molecular weight 
hydrocarbons were removed significantly faster in soil with an active microbial population 
than in soils treated to kill microorganisms, indicating that biodegradation could enhance the 
removal rate of these hydrocarbons. The present study was undertaken to obtain soil biodeg-
radation data on TPH in A TM, which is being developed as a crowd-controlling agent. 
Introduction 
Anti Traction Material (A TM) is composed of polyacrylamide (PAM), petroleum hydro-
carbons (kerosene-range compounds), and water. PAM has been used to control soil erosion 
and hold water in desert soils. When PAM absorbs water it forms a gel that makes surfaces 
extremely slippery, so A TM is a potential crowd-controlling agent. P AMs are synthetic 
polymers made ofacrylamide or acrylamide and acrylic acid (Anonymous, 1991). The linear 
polymers are water-soluble. In agriculture applications, these polymers stabilize poorly-struc-
tured soil while preventing surface crusting, water runoff, erosion, and soil compaction. They 
also improve soil aeration, friability, pore space, and ease of tillage. Cross-linked PAMs are 
considered water-insoluble. In the presence of water these polymers swell and hold moisture 
for planting time (Hendrickson and Neuman, 1984). When PAM thickening agents are used 
in combination with a herbicide, they increase droplet size by increasing viscosity of the 
spray solution, producing larger particles/globules of the herbicide spray, thus reducing drift 
(Bouse et al., 1986). PAM thickening agents have no reported herbicidal properties. 
Once exposed to the environment, PAM polymers are capable of translocating through 
different soil compositions under field conditions (Lande et al., 1979; Spalding and Hyder, 
1985). However, they can bind to particulate matter such as clay particles (Stutzmann and 
Siffert, 1977). P AMs may undergo biodegradation to C02 and NH3• Degradation of P AMs in 
soil systems can be expected to occur with time as a result of mechanical degradation, chem-
ical and biological hydrolysis, sunlight, salt, and temperature effects (Wallace et al. 1986; 
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Tolstikh et al. 1992) at a rate estimated to be about 10% per year (Azzam et al. 1983). Re-
lease of the acrylamide monomer, the basic subunit of the polymer, has not been observed in 
degradation studies. In PAM manufacture, maximal residual acrylamide levels range between 
0.05-5% depending on the intended use of the product (Croll et al., 1974). PAMs are non-
toxic because of their inability to pass biological membranes (McCollister et al., 1965). 
Acrylamide is a vinyl monomer with a solubility of212 g/100 ml water (Windholz, 
1989). It is absorbed by all routes of exposure (Druckery et al., 1953; Hashimoto and Ald-
ridg, 1970) and produces an ascending central/peripheral axonopathy in man and animals 
(Spencer and Schaumberg, 1974; Tilson, 1981; Miller and Spencer, 1985) that disrupts 
sensory, motor, and autonomic function in the peripheral nerves and ascending tracts of the 
spinal cord. Acrylamide axonopathy is reversible with time, but full recovery depends upon 
the severity of the intoxication (Miller and Spencer, 1985). All reported cases ofacrylamide 
toxicity have been attributed to handling the monomer. Acrylamide in the environment has 
high mobility in soil (Lande et al., 1979), may travel great distances in groundwater (Cownay 
et al., 1979), is biodegradable in water and soil (Cherry et al., 1956; Croll et al., 1974), and is 
not absorbed significantly by sediments or affected by conventional water treatment (Brown 
et al., 1980). Acrylamide is biodegradable and does not accumulate in soils. At ambient tem-
peratures, half-lives range from 18 to 45 h for 25 ppm acrylamide on a soil basis (Lande et 
al., 1979). Decreasing the temperature or increasing the acrylamide concentration increases 
half-life. The half-life is longer under anaerobic soil conditions (Lande et al., 1979). Acryl-
amide is hydrolyzed in soils, producing NH/ that is eventually oxidized to N02- and N03+ 
under aerobic conditions (Abdelmagid et al., 1982). Acrylamide is biodegradable in the 
laboratory and in effluent in which PAM was used as a flocculent (Croll et al., 1974). Acryl-
amide is biodegradable in all unsterilized natural and polluted waters (Brown et al., 1980). 
Degradation of acrylamide occurs within 100 to 700 h. 
Total petroleum hydrocarbons (TPH) is a term used to describe a large family of several 
hundred chemical compounds that originally come from crude oil. The TPH in A TM consists 
of mainly aliphatic hydrocarbons ranging from C10 to C2s, with dodecane and tridecane being 
present in larger percentages. Fuels are complex mixtures of hydrocarbons that partition in 
the environment according to their physical properties. They may evaporate, dissolve in 
water, absorb onto sediment or soil, or degrade by chemical or biological processes. Several 
studies have been conducted that address the fate of jet fuel hydrocarbons in the environ-
ment. For JP-4, evaporation was the major removal process for low molecular weight hydro-
carbons. For most hydrocarbons biodegradation was not a significant removal process (Spain 
et al., 1985; Pritchard et al., 1988: Dean-Ross et al., 1992). 
Because there are so many different chemicals in crude oil and in other petroleum prod-
ucts, it is not practical to measure each one separately. However, it is useful to measure the 
total amount of TPH at a site. TPH may enter the environment through accidents, from indus-
trial releases, or as byproducts from military, commercial, or private uses. TPH may be re-
leased directly into water through spills or leaks. Some TPH fractions will float on the water 
and form surface films. Other TPH fractions will sink to the bottom sediments. Bacteria and 
microorganisms in the water may break down some of the TPH fractions. In a study of the 
fate of JP-4 in soil (Dean-Ross et al., 1993), hydrocarbons with molecular weights equivalent 
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to decane or lower disappeared from soil in both active and sterile treatments by the first 
sampling time, indicating that evaporation was the major removal process for these hydrocar-
bons. Hydrocarbons with molecular weights higher then decane like undecane, dodecane, 
tridecane, and tetradecane were not removed as rapidly from soil as the more volatile hydro-
carbons and traces of these hydrocarbons persisted until the end of the experimental period. 
The same study found no significant differences between active and sterile treatments for 
undecane, dodecane and hexadecane,. 
Experimental 
Experiment 1: Volatilization and Degradation ofTPH 
The soil was taken from the Department of Agronomy, Kansas State University. The soil 
contained 24% sand, 50% silt, and 26% clay, 0.086% N, 0.95% C, and 1.4% organic matter 
(Soil Testing Laboratory, Department of Agronomy, Kansas State University). Soil was 
ground, sieved, and dried for 24 h. Three replicates were made in open containers ( 4-oz 
bottles) with 8.4 g ATM added to 20 g soil. The 8.4 g ATM contained 8.0 g water and 0.4 g 
PAM resin with hydrocarbon. The whole bottle was taken for extraction. After 60 ml of acet-
one was added for each extraction, the TPH was allowed to separate by shaking for approx-
imately 2 h so that the hydrocarbon phase from soil moves into the acetone. After that, it was 
centrifuged at 500 rpm for 10 min. The extract was subsampled with a plastic syringe capped 
with a filter. Finally the filtered extract was placed in a gas chromatograph vial and capped. 
The amount ofTPH was determined using a Hewlett Packard GC 5890 Series ll gas chrom-
atograph with a flame ionization detector and a column of 0.32 mm i.d., 30 m length, and 
0.00025 mm film thickness. The carrier gas was hydrogen, the make-up gas was nitrogen, 
and the fuel gas was hydrogen and air. The temperature program was 40°C for 2 min 
followed by 1 0°C increase/min to 300°C. The detector temperature was 300°C while the 
injector temperature was 200°C. Injection was set at 2 Jll per run and the vials were placed on 
an automatic sampler for analysis. 
Experiment 2: C02 Evolution As~ociated with Biodegradation of Petroleum Hydrocarbons 
Soil was taken from Department of Agronomy, Kansas State University. Twelve repli-
cates were made each of 100 g soil with a single treatment for all having 84 g A TM in it. 
Treatments were made in 8-oz bottles and kept in mason jars that were sealed air-tight with 
lids. C02 measurements were done at the end of every week using a mass spectrometer. Mole 
fractions of C02 was calculated from the data obtained to account for the increase in C02 due 
to biodegradation of organics by microorganisms. 
Results and Discussion 
Experiment 1 
The weights ofTPH at 0, 2, and 4 weeks can be observed from Table 1. For the first two 
weeks there is a significant decrease in TPH due to biodegradation and/or volatilization. Vol-
atilization is expected to be an important factor when hydrocarbons are exposed to the open 
surroundings. In the subsequent two weeks, there is only a small reduction in TPH (Table 1 ). 
This shows that higher TPH concentrations give a higher rate of disappearance and that the 
rate slows down as the concentration of TPH decreases with time. The vapor pressures of 
some components of ATM are given in Table 2. At equilibrium, the major fraction of these 
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components should be in soil and a small fraction is in vapor phase. For some of the compon-
ents, the equilibrium concentration was calculated and compared with the REL (Recom-
mended Exposure Limit). Equilibrium concentration values are well below the REL values 
for these particular components as shown in Table 2. In an open container, volatilization is 
expected to occur in soil with A TM exposed to open surroundings. The chromatogram for 
50,000 ppm of TPH in acetone shows that, although there are numerous organic components 
present in A TM, there are four prominent peaks present detected using GC/MS, and all four 
are the straight-chain alkanes undecane, dodedacane, tridecane, and tetradecane. The esti-
mated mole fractions of these alkanes in the hydrocarbon phase are given in Table 2. 
Experiment 2 
Figures 1 and 2 depict the increase of C02 with time for the six replicates. It can be seen 
that significant C02 is being produced for all the treatments. We assume that the C02 is pro-
duced by the biodegradation of TPH by microorganisms. Also subsequent to this, controls 
were made with no contaminant in it that does not show any significant increase in C02. 
Conclusions 
A TM material is composed of PAM, petroleum hydrocarbons, and any residual acryl-
amide. PAM is widely used because it is effective in increasing aggregate stability, enhan-
cing filtration, reducing runoff and erosion, preventing surface seals, improving irrigation 
efficiency, and has an indirect positive effect on crop growth and yield. PAM is nontoxic to 
humans, animals, fish, and plants, but any residual acrylamide monomer content in PAM 
products is a neurotoxin to humans and is a major concern in regulation of this polymer. It is 
concluded that PAM itself does not pose any environmental threat and can be used in ATM 
and other applications such as to treat soils to effectively reduce irrigation-induced erosion 
and as a soil conditioner. Significant disappearance of petroleum hydrocarbons is due to 
volatilization and biodegradation. Equilibrium values of some of major components of TPH 
from A TM are below REL, which implies that these components do not pose a hazard for the 
indoor environment even if the equilibrium concentration is reached. C02 evolution curves 
obtained provide support for the biodegradation of TPH in ATM. 
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Table 1: Disappearance of Petroleum Hydrocarbons in ATM from 
Open Soil Microcosm 
Time t=O t=2 weeks t=4 weeks 
Weight of TPH 0.24g 0.015 g 0.013 g 
Table 2: Vapor Pressures and Gas phase Mole Fractions of Some Hydrocarbon Components 
of A TM at Equilibrium 
Component Mol fraction Pvat Pi, Mol fr. ppm in REL 
in hydrocarbon 25°C, mmHg marr arr in air, 
phase mmHg ppm 
Undecane 0.027 0.59 0.016 2. 1 X 10-5 21.3 NA 
Dodecane 0.0785 0. 12 0.0094 1. 2 X 10-5 12.4 500 
Tridecane 0. 108 0.0375 0.0041 5.3x10-a 5.3 NA 
Tetradecane 0.0226 0.0286 0.00065 8. 5 X 10-7 0.85 NA 
Naphthalene 0.02* 0.054 0. 0011 1.4 X 10-6 1. 42 15 
*Maximum assumed 
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